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ABSTRACT 

 

It is the objective of every farmer to obtain high yields and therefore the use of good 

quality seeds is of importance. Most soils that support wheat cultivation are zinc (Zn) 

deficient. Biofortification was shown to be a solution to improve mineral content 

(particularly Zn) of cereals. Improved Zn content has secondary benefits during seedling 

development under Zn deficient conditions. On the other hand, yields are limited by other 

factors such as weeds, soil borne diseases and environmental stresses such as extreme 

drought conditions. All these factors reduce productivity of wheat, which have 

implications for global food demand to meet a growing population. The use of seeds with 

high vigour ensure investment returns because these seeds are believed to have better 

germination and tolerance against biotic and abiotic stresses. This study aims to 

investigate the influence of seed Zn levels on vigour of wheat accessions with varying 

quality attributes. Seed Zn has been associated with improving agronomic traits such as 

germination and optimum field emergence. The influence of seed Zn was investigated 

through laboratory and field experiments. Vigour was determined using the EC test, 

standard germination test, according to ISTA and accelerating ageing test (AA). Field 

experiments were conducted at two different localities, namely Langgewens and 

Roodebloem, respectively. Proper mineral content is vital for germination and zinc has 

been reported to improve vigour of seeds. The electrical conductivity (EC) test provided 

the best estimate of seed vigour, R1H (51.3 mg kg-1) had the least electrolyte leakage 

as well as, the best germination (>80%). Results indicated that seed vigour is affected 

by age, seed Zn concentration and locality of the seeds and their weight. Adequate Zn 

in wheat is an essential micronutrient required during physiological processes like 

germination. Accessions were one year apart with optimal germination from one-year 

old accessions. Due to natural ageing or artificial ageing, seeds lose vigour over time. 

The potential of using Zn-biofortified seeds still need to be investigated further because 

some of the accessions which had low zinc content managed to perform similarly to high 

Zn content accessions. Increasing sowing depth had a significant effect (p>0.05) on 

germination and emergence of wheat. This study revealed that seed Zn is beneficial to 

a seedling during early development. In field experiments and despite variation in seed 

Zn concentrations, both experiments at Langgewens and Roodebloem had uniform 
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canopies at harvest. The benefits of high seed Zn content were inconclusive.  Zinc 

biofortified seeds had an advantage of better germination and good establishment under 

different environmental conditions. However, the benefits of high seed Zn concentrations 

seemed to be sensitive to the availability of Zn in the soil. Zinc plays a crucial role in 

early stages from germination to emergence and early growth stages (tillering) but does 

not seem to influence the growth of wheat at later growth stages.  
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OPSOMMING 

Die doelwit van enige produsent is om hoë opbengste te behaal en daarom is die gebruik 

van goeie kwaliteit saad belangrik. Die meeste grond waarop koring verbou word het 

tekorte aan sink (Zn). Biofortifikasie is reeds bewys as ‘n oplossing om die 

mineraalinhoud (veral Zn) van grane te verbeter. Sekondêre byvoodele van verhoogde 

Zn inhoud is die beter ontwikkeling van saailinge onder toestande waar Zn beperkend 

is. Aan die ander kant word opbrengs beperk deur faktore soos onkruid, grondgedraagde 

siektes en omgewingsstremmings soos uiterste droogtetoestande. Al hierdie faktore 

verlaag die produktitwiteit van koring, wat gevolge het vir die globale voedselaanvraag 

om ‘n groeiende populasie te voed. Die gebruik van saad met goeie lewenskragtigheid 

verseker goeie opbrengs op insetkostes deurdat hierdie saad na bewering beter ontkiem 

en beter weerstand het teen biotiese an abiotiese stremmings. Die doel van hierdie 

studie was om die invloed van Zn vlakke op die lewenskragtigheid van koringmonsters 

met wisselende kwaliteitseienskappe te ondersoek. Sinkinhoud van saad word verbind 

met verbeterde agronomiese eienskappe soos ontkieming en vestiging in die land. Die 

invloed van Zn inhoud van saad is ondersoek deur laboratorium- en veldproewe.  

Lewenskragtigheid is bepaal deur middel van elektriese konduktiwiteitstoetse (EK), 

standaard ontkiemingstoets (volgens ISTA voorskrifte) en die versnelde 

verouderingstoets (VV). Veldproewe is uitgevoer op twee lokaliteite, naamlik 

Langgewens en Roodebloem respektiewelik. Voldoende mineraalinhoud is onontbeerlik 

vir ontkieming en Zn is bekend daarvoor dat dit lewenskragtigheid van saad verbeter. 

Die EK toets het die beste beraming van lewenskragtigheid verskaf: R1H (51.3 mg Zn 

kg-1) het die minste elektroliete gelek en ook die beste ontkiemingspersentasie getoon 

(>80%). Die resultate het getoon dat lewenskragtigheid van die koringsaad beïnvloed is 

deur ouderdom, Zn inhoud van die saad, oorsprong van die saad en hulle massa. 

Voldoende Zn in saad is essensieel vir fisiologiese prosesse soos ontkieming. 

Saadmonsters het met een jaar verskil in ouderdom en optimale ontkieming is verky van 

een jaar oue saad. As gevolg van natuurlike en versnelde veroudering het saad met tyd 

hulle lewenskragtigheid verloor. Die moontlikheid om saad wat met Zn gebiofortifiseer is 

te gebruik om te plant moet verder ondersoek word omdat sommige saadmonsters met 

lae Zn inhoud net so goed presteer het as saadmonsters met hoë saad Zn inhoud. 
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Dieper saaidieptes het ‘n betekenisvolle (p<0.05) invloed gehad op die ontkieming en 

vestiging van koringsaad. Hierdie studie het getoon dat genoegsame Zn inhoud van 

saad voordelig is vir vroeë ontwikkeling van saailinge. In die veldproewe het beide 

proewe op Langgewens en Roodebloem uniforme plantstande gehad tydens oes, 

ongeag variasie in Zn inhoude van die saad. Die voordele van hoë Zn inhoud van die 

saad was nie opmerklik nie. Saad wat met Zn gebiofortifiseer is het die voordeel van 

beter ontkieming en vestiging onder verskillend omgewingstoestande. Die voordele van 

hoë Zn inhoud van saad blyk egter beïnvloed te word deur die beskikbaarheid van Zn in 

die grond. Sink speel ‘n belangrike rol in vroeë groeistadia van ontkieming tot vestiging 

en tot stoelvorming, maar blyk nie die groei van koring op latere groeistadia te beïnvloed 

nie. 
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CHAPTER 1 

Introduction 

1.1 Background 

Among all cereal crops, wheat is one of the most important (Moshatati and Gharineh 

2012) and basic staple foods for most of the population (Hassan et al. 2019). Wheat 

contributes 20% of calories to the global population, with a total harvest area of 2.1 

million km2 and global production of 700 million tonnes (Qaseem et al. 2018). Under 

rain fed area wheat is ranked number one as far as the area of cultivation is concerned 

and under irrigated conditions it is ranked second after rice based on total cultivation 

area (Lobell and Gourdji 2012).  

Due to wheat cultivation under rain fed conditions, Qaseem et al. (2018) reported 

that wheat growing under these conditions is limited by high temperatures combined 

with irregular water supply (drought stress) during grain filling, with a subsequent yield 

penalty. Such environmental liabilities make it necessary for researchers to develop 

strategies to fill yield gaps. In comparison with pests and diseases, weeds have the 

potential to incur the greatest yield loss, through competition with the crop and 

decreasing yield quality (Fahad et al. 2015). Clearly, achieving high yields is a 

milestone in an agricultural system, therefore using good quality seeds is a priority. It 

follows that seed quality is extremely important to achieve optimum crop growth and 

yield on a farm. However, seed quality is influenced by many factors like genetic 

characteristics, viability, moisture content, storage conditions, survival ability and seed 

health, but most vital factors are germination percentage and vigour (Akbari et al., 

2004; Moshatati and Gharineh 2012). Regarding seed quality, Van Treuren et al. 

(2018) claimed low seed moisture content and storage temperature as an important 

criteria to maintain the viability of conventional seeds.  

 During long term storage, seeds undergo aging, which leads to deterioration in 

seed quality (Cakmak et al. 2009). Seed vigour tests have been developed to assess 

seed quality of crops. Characteristics such as seed viability, seed lot purity, health and 
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mechanical damage have a direct effect on seed quality, but Perry (1980) reported 

seed vigour traits as a vital characteristic. Testing for vigour becomes more important, 

especially if seeds were stored under unfavorable conditions, since storage conditions 

are negatively correlated with seed vigour (Marcos-Filho 2015).  

Obtaining high wheat yields is a problem due to the unavailability of micronutrients 

in balanced quantities (Hassan et al. 2019). For instance, worldwide about 50% of 

cultivated soils are found deficient in bio-available zinc (Zn) (Zulfiqar et al. 2021) and 

Zn deficiency is a predominant micronutrient disorder (Rashid et al. 2019). Nutrient 

deficiencies in soils are usually associated with reduced vigour and viability of seeds 

(Yilmaz et al. 1998).  

Nonetheless, Zn deficiency remains one of the major yield limiting factors (Abdoli 

and Esfandiari 2017) under a wide range of soil types. Low grain Zn concentrations 

have adverse effects on its quality in terms of germination and seedling vigour and 

final yield (Cakmak 2008). “Cereal grown under deficient conditions generally produce 

seeds with low Zn concentration and content” (Graham et al. 1992) and when these 

are resown in a Zn deficient soil, plants have poor seedling vigour and ultimately low 

yield at harvest (Genc et al. 2000). On the other hand, Rashid et al. (2019) recently 

reported that seeds enriched with Zn are usually associated with better germination. 

Ozturk et al. (2006), conducted a study to investigate the effect of different 

concentrations and localization of Zn during seed development and germination in 

wheat. In their study, they reported that prime Zn concentrations in newly 

developed radicle and leaves (coleoptile) during seed germination, indicated that 

a sufficient amount of Zn is required in highly metabolically active differentiating 

cells.  

In such very actively growing root and shoot meristematic tissues, Zn is 

presumably utilized in protein synthesis, membrane structure and functions, 

organic phenomenon, and oxidative stress tolerance (Cakmak 2000). Therefore, it 

is not surprising that seeds with low Zn contents show poor seedling vigour and 

seedling establishment (Welch 1999). They further reported that prime Zn 

concentrations in seeds seemed to be critically important to protect germinating 

seeds and developing seedlings from infection by soil-borne pathogens, and in 
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increasing tolerance to different environmental stress factors like drought, extreme 

temperatures, and salinity.  

Therefore, the use of high Zn content seeds can improve seedling vigour and 

survive Zn deficient conditions (Imran et al. 2017). Currently, improving the grain Zn 

concentration of cereal crops is a high-priority research area (Ozturk et al. 2006) and 

to overcome this major problem biofortification is an attractive option (Hassan et al 

2019).  

Biofortification is a process in which micronutrient concentrations are increased in 

crops especially in edible parts (Niyigaba et al.2019). Agronomic biofortification is a 

cheap and environmentally friendly technique for grain enrichment with micronutrients 

(Dayod et al. 2010). A two-year study at 31 field locations in six countries (China, 

Pakistan, India, Thailand, Brazil, and Zambia) with different soil and environmental 

conditions revealed that seeds biofortified with Zn, improved crop productivity at these 

locations. As high Zn-grains are a by-product of Zn biofortification, use of Zn enriched 

grains as seed in the next cropping season can contribute to enhanced crop 

productivity in a cost-effective manner (Rashid et al. 2019).  

Application of Zn on seeds has effects on germination and on initial growth of 

seedling. It also favors physiological quality of seeds produced (Santos 1981). The 

amount of dry matter of those seeds (produced) or seed mass is a good criterion for 

seed vigour and all this is affected by parental nutrition (Moshatati and Gharineh 

2012). 

In the previous years, South Africa also participated in worldwide trials, biofortifying 

wheat with Zn fertilizers to improve the Zn contents of grains (Van der Linde 2018) 

However, the benefits of biofortification techniques have been reported but little have 

been done to investigate vigour of Zn-biofortified seeds. Most experimental results 

present laboratory germination and there are relatively few fully replicated field 

experiments, which are needed to evaluate the efficacy of seed-enhancing treatments 

properly. Agronomic traits like germination rate and early seedling development under 

various stress conditions has been less targeted (Imran et al. 2017). The objective of 

this study is to investigate the effect of Zn on vigour of biofortified seeds. 
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1.2 Purpose of the study 

In an agricultural system, the aim is to produce the highest yield achievable whilst 

minimizing costs. Maximum germination is always desired. Seeds deteriorate both on 

and off the mother plant following physiological maturity. Germination is significantly 

reduced by harsh storage conditions and duration. Another problem with seed quality 

is that of imbibed damage (Mathews and Powell 2006). Adequate seed Zn content can 

prevent cell damage and reduce the leakage of varied organic compounds to alleviate 

pathogen attraction which could cause pathogenic infection (Imran et al. 2017).  

There is already an existing problem of herbicide resistance development in some 

weed species (Manalil 2014). Zinc biofortified seeds has a potential to outcompete 

weeds thus reduce pressure on yield projections. Severe weed infestation can reduce 

yield by 48% (Fahad et al.2015). However adequate content of zinc in wheat seeds 

may result in improved agronomic traits such as germination and optimum field 

emergence. The use of biofortified seeds has secondary benefits such as early 

germination consequently suppressing weeds because of better stand establishment.  

The objective of this study is therefore to investigate the effect of Zn content of 

biofortified seeds on seed quality and vigour, germination, vegetative growth and 

ultimately yield. 

 

1.3 Hypotheses 

1.3.1 Null hypothesis 

The null hypothesis states that increased zinc content in wheat grains through 

biofortification, will not have any significant influence on seed quality, germination, 

growth rate, vigour and yield. 

 

1.3.2 Alternative hypotheses 

A total of 6 alternative hypotheses were tested during the study. These include: 
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1. Biofortified seeds with high levels of Zn would improve vigour and 

maintain cell membrane integrity under adverse storage conditions 

2. High levels of Zn content of biofortified seeds of various ages would improve vigour 

thus maintaining high germination and early vegetative growth rates 

3. High levels of Zn (biofortified seeds) would improve vigour by resisting seed 

deterioration rate under extreme storage conditions, thus maintaining germination 

and early vegetative growth rates. 

4. Seeds with a higher seed Zn concentration would germinate, establish, and 

grow better under sub-optimal conditions such as deep sowing depths than 

those with a lower seed Zn concentration. 

5. High levels of zinc content due to biofortification would result in improved wheat 

vegetative growth and yields. 

6. The use of Zn biofortified seeds would improve field emergence, resulting in better 

vegetative growth and yield.  
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Chapter 2 

2.1 Introduction 

Wheat (Triticum aestivum) is a cereal grain and is commonly known as nqgolowa, 

korong, kolo and koring in some South African regions (Department of Agriculture, 

Forestry and Fisheries, 2010). Wheat originated from the south-eastern part of Turkey 

(Shewry 2009; Jabran et al. 2017) but because of its contribution to human diet it is 

now cultivated throughout the world. Wheat contributes starch (60-90%) and protein 

(11-16.5%) to the human diet (Ali et al. 2014). Wheat is one of the main crops that are 

being cultivated around the world and it is regarded as an important cereal crop, which 

is used in the production of key foods for people all over the world (Bargie and Bybordi 

2015). 

In 2017, the total wheat production in the world was estimated at 713, 2 million 

tonnes with Africa contributing about 3.9% (Jabran et al. 2017). According to Shewry 

(2009), wheat is counted among the ‘big three’ cereal crops with over 600 million 

tonnes being harvested annually. Moreover, consistent with Jankielsohn et al. 

(2016), wheat in South Africa is the second most vital grain produced with about 

272 000 ha planted. The Western Cape had the greatest contribution to the wheat 

production output in 2012 and 2013 of roughly 884,000 tons, followed by the Free 

State (Bester 2014). The increase in population puts food production under pressure 

because of food demands. The challenges encountered for food production is 

exacerbated by various biotic and abiotic stresses on agricultural crops (Bargie and 

Bybordi 2015).  The crops may be given all the resources it needs such as nutrients, 

irrigation, pest and weed management for their growth and proper management to 

reach the yield targets. 

However, weeds remain the most limiting problem associated with wheat 

production (Ali et al. 2014). Weeds commonly compete with the main crops for light, 

nutrients, space, and water, which results in reduced crop yield, quality and in certain 

instances, severe weed infestations can lead to complete crop failure and the damage 

can outweigh that caused by pests and diseases (Jha et al. 2017; Jabran et al .2017). 

Gupta (2004) reported that weeds also have allelopathic effects on the crop that can 
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diminish the quality and quantity of some of the crops. There are management 

practices that are implemented to reduce the effect of weeds on crops such as 

eradication of weeds (hoeing, weeding, crop rotation) and chemical control. However, 

recent literature has showed that cultural practices such as crop competitiveness rely 

on traits such as vigour to assist with suppression of weeds (Andrew et al. 2015; 

Jabran et al. 2017; Bajwa et al. 2017). The objective of this study is to study wheat 

vigour as influenced by wheat seed quality (particularly Zn content) as a possible 

cultural aspect to assist in weed suppression. 

2.2 Seed Quality 

Seed is the most vital and crucial input in crop production (Okoye et al. 2018). 

Mechanical damage and improper handling may have a negative effect from the 

outside to the inside of a seed. A wheat grain consists of pericarp, seed coat, 

nucellar epidermis, aleurone and starchy endosperm (Lemmens et al. 2018). The 

embryo is located on the dorsal side of the grain (Lemmens et al. 2019). Seeds 

failing to germinate under different regions and soils has led to the need of using 

good quality seeds. Moshatati and Gharineh (2012) reported the importance of 

seed quality for optimum growth and yield production on a farm. Seed quality is 

influenced by many factors such as genetic characteristics, viability, moisture 

content, storage conditions, survival ability and seed health (Okoye et al. 2018). 

However, the most important factors are germination percentage and vigour 

(Moshatati and Gharineh 2012).  

Seed quality is assessed using seed testing methods such as the standard 

germination and biochemical tests, while recommended vigour tests are 

conductivity and accelerating ageing tests (Okoye et al. 2018). Germination can 

only happen if the seed is viable, on the other hand vigour tests such as the 

accelerating ageing tests indicate the ability of a seed to germinate and establish 

a healthy seedling under stressful conditions (Okoye et al. 2018). ‘Viability is 

defined as the ability of a seed to germinate under optimal growth conditions, while 

seed vigour can be described as the ability of a seedling to successfully grow 

under stressed or sup-optimal growth conditions (Okoye et al.2018). Seed vigour 

is the seed property that determines the ability of a seedling to withstand range of 
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field conditions thus influencing initial establishment and ultimately yield (Okoye 

et al. 2018). Therefore, seeds with high vigour should always be used to ensure 

good stand establishment under different field conditions.  

According to Afzal et al. (2016) high quality seeds with enhanced vigour 

contributes nearly 30% of the total production. Farmers are constantly looking for 

high quality seeds able to ensure uniform field establishment and high yield (Afzal et 

al. 2016). An increase in seed vigour leads to decreased emergence time and an 

increase in the growth rate of seedlings (Mondo et al. 2013). According to Rifna et 

al. (2019) natural resources are depleting rapidly which result in greater need 

for seed enhancement.  

However, a rise in wheat seed Zn concentration has been related to a rise 

of vigour of wheat seedlings and may have secondary benefits during seedling 

growth stages (Haslett et al. 2001). Previous studies have proved that high Zn 

concentrations in grains can lead to improved seed viability and seedling vigour 

when planted under diverse environmental conditions (Cakmak 2008). Zinc is highly 

mobile during germination processes (Ozturk et al. 2006). Seemingly, vigorous seeds 

would lead to other benefits such as improved disease resistance and tolerance to 

other non-living disturbances, decreasing sowing rates and benefits to the health 

of humans and animals that consume these crops (Cakmak, 2008). Improved 

germination and emergence increased competitiveness against weeds, inferred 

drought periods, and avoids the time-consuming need for re-sowing that is costly too 

(Singh et al. 2015). 

2.3. Limitations in the cultivation of wheat 

Wheat cultivation is limited by several abiotic and biotic factors. According to Jabran 

et al. (2017) these factors include global climate change, water scarcity, extreme 

weather conditions, soil fertility, weeds, diseases, and pests. A combination of these 

factors can result in total crop failure (Jabran et al. 2017). Mechanical manipulation of 

soil is called tillage and the operation done for seedbed preparation is known as the 

tillage system (Ali et al 2014). The type of tillage affects weed population and 

distribution (Ali et al. 2014). Conventional tillage affects the soil properties and soil 
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health (Ali et al. 2014). Soil fertility limits the cultivation of wheat, especially with the 

prices of fertilizer increasing, it is becoming hard to have high yields with less inputs. 

Ozturk et al. (2006) reported that about half of the cereal-growing areas in the world 

contain low levels of plant-available Zn in the soil, and the plants grown in such areas 

suffer from Zn deficiencies and grains contain low levels of Zn. Soil deficiencies of 

major macro-nutrients nitrogen (N), phosphorus (P) and potassium (K) respectively, 

are now well understood (Ryan et al. 2013). There are eight micronutrients essential 

for healthy growth and reproduction of higher plants, boron (B), chlorine (Cl), copper 

(Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni), and zinc (Zn) (Ryan 

et al.2013).  

 

2.3.1 Effect of weeds on wheat 

Weeds typically originate when wild species adapt or are introduced to agricultural 

lands, when cultivated species escape domestication and persist as weeds and when 

new weeds are generated due to hybridization and introgression between crop and 

wild species (Buhler 2003). In simple terms, Marwat et al. (2013) described weeds 

as unwanted plant species that grow in the same place as the domesticated crops. 

“The magnitude of weed-related losses, however, depends on the type and density 

of a particular weed species, its time of emergence, and duration of interference” 

(Fahad et al. 2015). The competition pressure exerted on the crop, which 

subsequently reduce yields has a strong relation to duration of competition (Fahad et 

al. 2015).  

Weeds such as ripgut brome and ryegrass are important in limiting grain yield in the 

Western and Southern Cape of South Africa (ARC 2019). Under cultivation 

environments with limited resources, obtaining higher yields are challenging, 

especially when weeds and crops emerge simultaneously (Fahad et al. 2015). Crop 

yields decrease with increasing weed competition and without effective control 

practices in wheat, yield losses due to weeds has the potential to overshadow that of 

pests (arthropods, nematodes, rodents, birds, slugs, and snails), pathogens (fungi and 

bacteria) and viruses (Fahad et al. 2015). Weeds in some cases serve as an 

alternative host to insects, nematodes, and pathogenic fungi. Siddiqui et al. (2010) 
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reported that Fusarium species pathogenic to wheat have been isolated from broad-

leaved weeds. Weeds adversely affect the crop yield by competing for limiting 

resources such as light, water, space, and nutrients (Gupta 2004; Ali et al. 2014; 

Fahad et al. 2015; Jha et al 2017; Jabran et al 2017). 

2.3.2 Competition for space, water, nutrients, and light. 

Resource availability and utilization define competition both within and between 

crop and weed species (Buhler 2005). Weed-crop competition is complicated as 

weeds compete with the crop plants by occupying a space, which would otherwise 

be available to the crop plant (Siddiqui et al. 2010).  Water requirement for the growth 

of weeds is primarily of interest from the viewpoint of competition with the crop 

plant for the available moisture (Siddiqui et al. 2010). Competition for water has 

gained more importance owing to diminishing water resources and lower water 

availability in many parts of the world.  

Under water stress, weeds can be more competitive for moisture than the wheat 

plants (Jabran et al. 2017). Weed infestation increased the weed-wheat competition for 

moisture and decreased the water-use efficiency of wheat (Jabran et al. 2017). Many 

weeds (such as Avena spp) possess a root system that is more extensive than of 

wheat which helps the plant absorb water more efficiently under stress conditions 

 

efficiency of wheat (Jabran et al. 2017). Many weeds (such as Avena spp.)  possess a 

root system that is more extensive than that of wheat which helps them to absorb water 

more efficiently under water stress conditions (Jabran et al. 2017). A high-water 

potential and turgor pressure maintained by weeds help them to utilize more resources 

than wheat plants under water stress conditions (Jabran et al. 2017). Increased uptake 

of mineral nutrients in weeds often results in a significant competitive advantage over 

crop species (Siddiqui et al. 2010).   

Other than water and nutrients, weeds compete with the wheat plants for light 

(Jabran et al. 2017). Plants use light as raw material/energy for its food production 

(Jabran et al. 2017). Several of the plant functions (such as photosynthesis and many 

others) are dependent on the availability and quality of light. Weeds growing near 
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wheat can cause shading, thereby reducing the amount of light intercepted by the crop. 

Tall weed plants with a leaf area larger than wheat can severely restrict light passage to 

wheat, and this will ultimately impact photosynthesis negatively (Jabran et al. 2017).  

Studies show that weed and canopy architecture especially plant height, location 

of branches and height of maximum leaf area determine the impact of competition for 

light and thus have a major influence on crop yield (Siddiqui et al. 2010). A uniform 

germination after sowing is desired to reduce the total amount of light reaching the 

smaller weed plants because crop canopy limit light penetration (Fahad et al. 2015). 

In addition to resource completion, weeds can interfere with the wheat growth through 

allelopathic interactions (Jabran et al. 2013; Ali et al. 2014; Fahad et. 2015). The 

release of phyto-toxins into the environment and subsequent growth reduction of 

susceptible plants, known as allelopathy, is an important component of plant-to-plant 

interactions (Buhler 2005).  

2.4 Weed management 

Weed management in wheat is a multilayer hierarchy involving cultural, mechanical, 

biological, and chemical control methods (Jabran et al. 2017). However, in 

commercial farms chemical control is common because it is less laborious when 

compared to mechanical control. Barros et al. (2008) reported that the aim of weed 

management is to keep the weed community at an acceptable level rather than to 

keep the crop totally free of weeds. Worldwide cultivated crops infested by various 

weeds require different approaches of control and eradication. Weed control is a 

basic requirement of crop management in production systems. There are different 

control methods with different benefits and impacts on the environment, some are 

eco-friendly, and some may have negative impacts if not planned or handled well. 

Weeds can be suppressed in wheat through combinations of herbicides together with 

integration of cultural methods. Chemical control happens to be the most effective, 

time saving and economically friendly to farmers (Mawart et al. 2013).  

2.4.1 Chemical control 

The discovery of phenoxy acetic acid was the beginning of modern herbicides in the 
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1940s (Jabran et al. 2017). Several herbicides have been used for the control of 

weeds on wheat crops. A herbicide is a chemical used to kill or inhibit growth of weeds 

(Varshney et al. 2012). The synthetic auxins, acetolactate synthase (ALS) inhibitors 

and acetyl coenzyme-A Carboxylase (ACCase) inhibitors are the commonly used 

groups of herbicides to control weeds in wheat cropping systems, while glyphosate 

also play a role in weed management (Jabran et al. 2017). Herbicide activity can be 

selective or non-selective and according to Varsheny et al (2012), selective 

herbicides kill weeds without harming the non-targeted plants whereas the non-

selective herbicides kill all the plants present in the field. An example of non-selective 

herbicides is glyphosate (Jabran et al. 2017). Annual and perennial weeds are mostly 

controlled by herbicides, but the same active ingredient should not be used in 

succession to limit the possible development of weed resistance.  

The intensive use of herbicide has resulted in widespread evolution of herbicide-

resistant weeds (Manalil 2014). Misuse of these herbicides can cause damage to non-

target plants and crops too. Due to a lack of knowledge and ignorance, farmers blindly 

apply the same herbicides on the same field repeatedly without considering the 

potential for the evolvement of weed resistance (Mawart et al. 2011). Herbicide-

resistant weed populations are evolving rapidly as a natural response to selection 

pressure imposed by modern agricultural management activities (Kraehmer et al. 

2014). Jabran et al. (2017) reported that wheat has higher frequencies of herbicide 

resistant weeds than any other crop and yet the discovery of new herbicide options is 

becoming increasingly rare, due largely to mounting regulatory and economic 

pressures on the agro-chemical industry (Van der Meulen and Chauhen 2017). 

2.4.2 Cultural control 

Since the first herbicide were released in 1947, chemical control had a major 

impact on world agriculture (Powles and Shanner 2001). Unfortunately, the over-

reliance on chemical control has also led to several environmental and agronomic 

concerns (Andrew et al. 2015). The application of herbicides, combined with other 

changes in farmland management, is leading to the reduction of non-weedy 

species. This has an impact on farmland biodiversity and ecosystem function and 

more importantly from a production perspective, herbicide resistance is now 
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widespread amongst many weed species, encouraged by the increasing 

dependence upon a limited number of active ingredients (Andrew et al. 2015). 

Herbicides are not, however a complete solution to the complex challenge that 

weeds present (Van der Meulen and Chauhan 2017). Herbicide-resistant weed 

populations are evolving rapidly as natural response to selection pressure 

imposed by modern agricultural management (Van der Meulen and Chauhan 

2017). 

In response to these challenges, there is renewed interest in the potential for 

integrating non-chemical (or ‘cultural’) control options into weed control 

strategies (Andrew et al. 2015). Cultural control methods may be employed by 

farmers to reduce weed populations, including delayed drilling, increased seed 

rate and rotational ploughing. Competitive cultivars are a potentially attractive 

option in comparison because they do not acquire any additional costs (Andrew 

et al. 2015). Competitive cultivars could reduce the seed return of a weed species 

and contribute to medium to long-term weed management strategies, reducing 

the pressure on herbicides and improving the sustainability of cropping systems. 

For example, in Greece, the use of competitive cultivars alone has resulted in 

a 50% reduction in recommended levels of herbicides in wheat (Travlos 2012). 

Cultural practices such as crop competitiveness rely on traits such as vigour to assist 

with suppression of weeds (Andrew et al. 2015; Jabran et al. 2017; Bajwa et al. 2017).  

Other vigour traits are defined in early crop establishment (Finch and Bassel 2015) 

including early crop height and cover a n d  are potentially useful for assessing 

variation between cultivars in suppressive ability (Andrew et al. 2015). 

Bertholdsson (2005) used early crop mass as an indicator of vigour in wheat 

and barley and found it to be one of two traits (along with allelopathy) that 

significantly contributed to suppression of Lolium perenne L. and volunteer 

Brassica napus (oilseed rape) across all years of study.  

2.4.2.1 Weed management using crop competition  

According to Buhler (2003), enhancing the ability of crops to compete with weeds is 

an attractive approach that will improve capability of shifting the competitive balance 

to favour crops over weeds. Cultural control allows the manipulation of planting 
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systems, and Buhler (2003) reported that decreasing row spacing and/or increasing 

crop plant densities has increased competitiveness of many crops. Rapid 

germination, root development, rapid early vegetative growth and vigour are some of 

the most important characteristics that need to be improved to enhance 

competitiveness of crops over weeds. The most consistent conclusion among many 

studies has been that vigorous growth characteristics enhance crop competitiveness 

over weeds (Buhler 2003), therefore improving wheat germination and vigour has the 

potential to reduce weed problems.  

The improvement of these characteristics will give a chance for the crops to be a 

step ahead of weeds since it will grow faster and shade it over, thus slowing down the 

development of weeds. Weeds arise mostly from seed banks in soils where it stays 

dormant and respond to favourable conditions to germinate (Sheaffer and Moncada 

2012). With these improvements, establishment rate of weeds might be reduced.  

Weeds have been more competitive than crops because of the same 

characteristics that will hopefully be improved by these cultural practices even though 

the determination of appropriate seed rate for optimum grain yield and adequate weed 

suppression is still to be resolved (Korres and Froud-William 2004). These 

characteristics are components that contribute to high yield even though it must start 

from seeds especially with cereals because seeds are used as propagules (DAFF 

2010). Moshatati and Gharineh (2012) stated that seed quality has a major effect on 

crop growth, seedling vigour and yield. Bigger seeds have been preferred over small 

seeds for years because seed size has long been considered a significant factor in 

determining the rate of seedling growth (Lowe and Ries 1971). 

Seed quality is very important for optimum growth and yield, as it is influenced by 

many factors such as genetic characteristics, viability, germination percentage, vigour, 

survival ability and seed health (Moshatati and Gharineh 2012). The important criteria 

in seed vigour are the amount of dry matter (seed storage) or seed mass. The growing 

seedling depends on the seed storage for food supply until the seedling can 

photosynthesize (Moshatati and Gharineh 2012). 
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2.4.2.2 Competitive cultivars  

Two aspects of cultivar competitiveness can be defined. The first is the ability of the 

crop to reduce the fitness of a competitor, and the second is the ability of the crop to 

withstand the competitive impact of neighbouring plants and resist yield loss (Andrew 

et al. 2014). These aspects are driven by different traits and according to Andrew et 

al. (2014), early vigour of a cultivar is related to crop establishment and the rate at 

which aboveground material is produced. Moreover, this has been correlated with 

morphological leaf traits such as leaf area in the earliest phases of growth. Early 

vigour is also related to suppression ability and leaf traits at the early stages of growth 

and has a high heritability, suggesting that early vigour may be selected for in 

breeding programmes (Rebetzke and Richards 1999; Coleman et al. 2001). 

Wheat cultivars have varying competitive ability. For instance, winter wheat 

cultivars with long straw reduced weed biomass, weed population and weed diversity 

more than short cultivars, but some weeds may flourish more in tall-growing cultivars 

(Jabran et al, 2017). Competition usually favours weeds because they have rapid 

seedling growth, and well-developed root systems (Zimdahl 2007). Jabran et al. (2017) 

reported that certain features make wheat cultivars more competitive such as quick 

germination, more leaf elongation, rapid leaf expansion, extended canopy cover, 

bigger plant height, improved root proliferation, stem stiffness and higher allelopathic 

potential. However, high yielding cultivars are more susceptible to weed competition, 

whereas lower yielding cultivars exhibit an opposite response (Korres and Froud-

William 2004). The seed size and quality also affect competitive ability of certain 

cultivars as it influences early vigour (Jabran et al. 2017).  

2.5 Why Zinc? 

Micronutrient deficient soils, particularly Zn deficiencies are widespread globally and 

cover over millions of hectares of arable land. Moreover, this problem persists in soils 

of many different types (Rashid et al. 2019). Additionally, conditions including high 

and low pH, high and low organic matter, sodic, sandy, wetland or ill-drained soils, 

calcareous and limed acidic soils are prevalent (Ozturk et al. 2006). 
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More than 50% of soils under wheat production, are low in Zn available to the 

growing crop (Ram et al. 2015). Therefore, Zn deficiency is widespread in wheat 

producing countries (Rehman et al.2018). Wheat might be a crop species 

inherently low in Zn (Cakmak 2008). This can be addressed through seed 

enhancements. Ozturk et al. (2006) advocates for more attention to be given to Zn 

biofortification of cereal crops as they inherently have low zinc concentrations. 

Poor yields due to these deficiencies of Zn in the environment and within the seeds 

have indirectly compelled wheat farmers to use higher seed rates, as high as three 

times higher than recommended to compensate for lower emergence and increased 

seeding death during winter (Ryan et al. 2013). It seems like a seed with high Zn 

concentration have positive seed germination and early seedling development by 

improving the tolerance of seedlings to different biotic and abiotic stress factors (Ryan 

et al. 2013). High levels of seed Zn has been associated with improved vigour of 

wheat, which would in turn lead to improved resistance against disease, pests, and 

other negative environmental conditions. 

Better germination and early stand establishments tend to increase 

competitiveness against weeds, tolerance to drought periods, yield and avoid the time-

consuming need for re-sowing that is costly too (Singh et al. 2015).  Therefore, the 

use of seeds with high Zn concentration can reduce the seeding rates (Ryan et al. 

2013). In Turkey and Pakistan Zn coating of wheat seeds also significantly enhanced 

plant growth and grain yield under Zn-deficiency conditions, the increase in grain yield 

were comparable with the increase in yield caused by soil Zn application (Ryan et al. 

2013). A study in Pakistan reported by Ryan et al. (2013) showed that high Zn-wheat 

seeds planted in Zn deficient soils resulted in early and higher seedling emergence, 

more seedling growth and better crop stand, leading to an increase of yield when 

compared to low Zn wheat seeds during the 2011-2012 crop season.  

Therefore, sowing seeds with elevated contents of Zn are often a practical 

solution to Zn-deficient soils and other environmental problems (Cakmak 2008). 

These experiments conducted in several countries and climatic continents are 

proof that Zn has influenced vigour of wheat seeds positively. However, some of 

these enhancements are not practised in South Africa. Consistent with the 
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Department of Health of South Africa and UNICEF (2007), since 2003, it is law in 

South Africa for all milling companies to fortify their flour with Zn and other 

essential micronutrients. Sound research projects may change the present trends 

and methods used to fight micronutrient deficiencies in different soil of South 

Africa. It could also provide a lot of other advantages to accompany the utilization 

of biofortification and fertilization of crops. 

2.5.1 Roles of Zinc in plant’s life cycle 

Plants take up Zn mostly through roots from the ground solution and through organs 

above the ground from the atmosphere to a lesser extent. Optimum plant 

nourishment is one of the most imperative factors in improving the quality and 

quantity of plant production (Nawaz et al. 2015). Among all the plant nutrients, Zn 

is one of the essential micronutrients vital for optimum crop growth (Nawaz et al. 

2015).  

The Zn taken up from the soil nutrients, remain in the root, but a portion is relocated 

into the parts above the ground and seed (Stanković et al. 2010). Zinc has been 

reported to be beneficial to the crops but according to Nawaz et. (2015) Zn is the 

element of essential importance for its role in the plant. Stanković et al. (2010) 

reported Zn as indispensable in the metabolism of the plant growth hormone auxin. 

The sources of auxins are the tips of growing points such as the leaves and radicle, 

therefore it is not surprising to find literature on both pot and field experiments, which 

indicate that plants derived from seeds with high Zn concentrations, perform well and 

produce high yields (Ozturk et al. 2006). The seeds that were treated with Zn had 

protection from developing seed infection by soil-borne pathogens (Ozturk et al. 2006). 

Zinc also plays a crucial role in maintaining the integrity of biological membranes 

and therefore the resistance to contagion by certain pathogens (Nawaz et al. 2015). 

It is also required for chlorophyll biosynthesis since it is vital for the carbonic enzyme 

which is present in all photosynthetic tissues in a plant (Nawaz et al. 2015). Higher 

concentrations of Zn can cause toxicity in plants. With phytotoxicity intensifying, 

reduced growth and yield, primarily due to the alteration in various physiological 

processes such as photosynthesis and photosynthetic electron transport, 
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transpiration, biosynthesis of chlorophyll and cell membrane integrity, occur  (Nawaz 

et al. 2015). In addition, large amounts of Zn reduce the uptake of P and Fe (Nawaz 

et al. 2015).  

Nawaz et al. (2015) reported that Zn is required in small concentrations to permit 

numerous key plant physiological pathways to function normally. Stanković et al. 

(2010) conducted a study to investigate the influence of Zn on germination of wheat 

and they reported that the percentage of seed germination depended on the ZnCl2 

concentration in the medium. Seeds were exposed to growth mediums of 0.17 M (high 

dilution) ZnCl2 concentration of the solution; it had the lowest percentage of 

germination and developed shoots only. When the seeds were exposed to 0.18 M 

ZnCl2 concentration, it completely lost the ability to germinate (Stanković et al. 2010). 

 

2.6 Biofortification 

Biofortification strategies appear to be a suitable option for increasing the 

micronutrient concentration in grain (Rehman et al. 2018). Seed priming with Zn was 

reported to be the best method for Zn application (Rehman et al. 2018). To be 

efficient, seed treatments need to be translocated to the whole plant, though Zn 

reserves are important by preventing initial symptoms of deficiency especially in the 

youngest parts of the plants (Rufino et al. 2013). This method promotes uniformity 

and enables the seed to serve as a food source until the seedling can 

photosynthesize (Rufino et al. 2013. Moshatati and Gharineh (2012) also reported 

that seeds should have an adequate food supply for seedling growth because 

seedling growth is dependent on the seed. The plants grown under low Zn conditions 

generally produce seeds with low Zn content which will result in less vigorous 

seedlings, which will be reflected in low yield at harvest (Rufino et al. 2013).  The 

yield per plant increases when wheat seeds are treated with Zn before sowing, 

because wheat is inherently poor in Zn (Rehman et al. 2018).  

Absorption of Zn applied to seed occurs in its totality, thus increasing reserves of 

this element in the seed (Rufino et. 2013). Therefore, Zn should be provided to seeds 

at levels that exceed the optimum level for the crop itself to achieve optimum seed 
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viability and seedling vigour (Ozturk et al. 2006) and to improve food reserves within 

the seed. It is also possible that Zn can be leaked from seeds during germination 

(Ozturk et al. 2006). 

 

Figure 2.1: Wheat seed showing important seed parts in germination (Ozturk et al. 2006). 

Seed can be defined as “a fertilised mature ovule, consisting of an embryonic plant, 

a store of food and a protective seed coat; with the store of food consisting of 

cotyledons and endosperm” (Hasanuzzaman 2014). The embryo and aleurone layer 

(Figure 1) are the parts of the seeds that are known to be rich in protein and phytate. 

It appears that a high concentration of protein and phytate in these seed parts may be 

a sink for Zn. The embryo of many cereal grains is low in phytate and this is often in 

accordance with low Zn concentration in the endosperm (Ozturk et al. 2006). Zinc 

treatment will increase Zn concentration but also increase the deposition of Zn in 

starchy endosperm of wheat, which can enhance the Zn bioavailability as endosperm 

has low phytate contents (Rehman et al. 2018). Protein concentration in seeds could 

correspond to the rise in seed Zn concentration.  

This relationship was supported by a study where it was found that the genes 

affecting protein content in wheat seeds are closely related to the genes affecting high 

Zn accumulation in the seeds (Rehman et al. 2018). This may result in high 

germination rate and initial growth of seedlings by favouring physiological quality of 

seeds produced (Rufino et al. 2013). Seed protein content in wheat has been positively 

correlated to seedling vigour and yield at plant maturity (Lowe and Ries 1971).  
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2.7 Conclusion 

The evolution of herbicide resistance is problematic especially in wheat production 

and thus leave farmers to practice cultural control methods to supress weeds. The 

lack of knowledge remains a problem since farmers are still using chemicals without 

understanding the herbicide resistance problem. In future, it might happen that most 

of our staple crops face this problem with weeds. Cultural practices are economically 

viable, but less research has been done to improve the competitive ability of crops - 

wheat in particular - without compromising quality and quantity. More information 

needs to be distributed to farmers as well as the benefits of integrating several 

cultural practices.  
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Chapter 3 

 

The influence of seed zinc content on germination, vigour and early 

growth of wheat under controlled environments 

3.1 Introduction 

Wheat (Triticum aestivum L.) is a significant source of food worldwide and plays an 

important role in the human diet (Tian et al. 2019). It is one of the most common 

agricultural crops that provides protein, starch, certain vitamins, and minerals (Abdoli 

and Esfandiari 2017) mostly for less privileged communities. Wheat seeds are the only 

propagule material used as input in commercial production (Moshtari and Gharineh 

2012). Good quality seeds ensure (sufficient) yields and therefore have a significant 

potential of increasing on-farm productivity and enhancing food security (Afzal 2013). 

High quality seeds are genetically and physically pure, vigorous, and free from insect 

pests and pathogens (Moshtari and Gharineh 2012; Afzal et al. 2016). Also, high 

quality seeds with enhanced vigour contribute about 30% of the total production 

(Tatipata 2009).   

Efficient seed germination and early seedling establishment are important for 

commercial agriculture, and this can be achieved by using high quality seeds to 

shorten the days until emergence. According to Afzal et al (2016), plant uniformity is 

an expression of high seed quality achieved by high vigour of the seeds. Seed quality 

remains the foundation for profitable production, but it is influenced by several factors 

during seed development, such as harvesting, cleaning and storage (Ventura et al. 

2012). Improper storage environments may exacerbate poor seed quality (Afzal et al. 

2016). Temperature and moisture are the most influential external factors affecting 

seed quality deterioration (Tian et al. 2019).  

Germination rate of wheat is an accurate representation of seed vigour, which is 

easily altered by seed quality (Tian et al. 2019). Seed germination is the start and 

crucial stage in the life cycle of higher plants (Kader 2005) and it is strongly related to 
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vigour and survival rate. Authors describe germination in different ways and according 

to Kader (2005) and Han et al. (2017) germination refers to the protrusion of a root 

(radicle) or a shoot (epicotyl) from the seed coat, while emergence is the visible 

penetration of the shoot above the soil surface. Environmental conditions can promote 

or suppress germination, which subsequently have an impact on the entire growth of 

the crop (Han et al. 2017). Sawan (2013) reported that any factor, environmental 

and/or abiotic can negatively affect seed vigour and viability during seed development. 

Among environmental conditions required for germination is an adequate supply of 

water, a suitable temperature range and for some seeds, light (Kader 2005).  

On the other hand, seed reserves are equally important to environmental conditions 

mentioned. Adequate reserves of mineral nutrients in the seeds are needed to 

maintain seedling growth until the root system develops and takes over nutrient supply 

(Imran et al. 2017). Even more important: a good seed mineral content is more 

beneficial for crops grown in nutrient deficient soils (Imran et al. 2017). Also, Rehman 

et al. (2015) reported zinc (Zn) deficiency as an important micronutrient disorder 

resulting in poor crop stand in wheat production. Zinc deficiency affects the productivity 

of about 30% of cultivated soils globally (Rehman et al. 2015). The embryo and 

aleurone layers are the parts of the seeds that are known to be rich in protein and 

phytate and it seems to serve as a sink for Zn with a high concentration of protein and 

phytate in these seed parts (Ozturk et al. 2006). The embryo of many cereal grains is 

low in phytate and this is in accordance with low Zn concentration in the endosperm 

(Ozturk et al. 2006). Zinc treatment will increase its concentration but also increase its 

deposition in starchy endosperm of wheat and will enhance the Zn bioavailability as 

endosperm has low phytate contents (Rehman et al. 2015). 

Zinc is also important for the regulation of hormones responsible for germination. 

According to Rehman et al. (2015) Zn is required to produce tryptophan, which is a 

precursor of auxin. There have been studies that focused on Zn bio-fortification 

specifically for wheat and the results showed improved levels of mineral content of the 

cereal but the evaluation of seeds for agronomic traits, such as germination rate and 

early seedling development under various stress conditions, has not been well 

covered (Imran et al. 2017).  
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The evaluation of vigour tests for predicting seed planting value has been given 

greater attention over the past 30 years (Khan et al. 2007). The electrical conductivity 

(EC) test has been used to detect vigour differences. Studies with pea, soyabean, 

cotton, bean, maize, and small-seeded crops provided evidence that analysis of the 

conductivity of single seed leachate, could indicate both standard germination and 

seed vigour (Matthews and Powell 2006). Electrical conductivity test provides a 

measurement of “electrolyte leakage from plant tissues“and has been well developed 

as a routine seed vigour test to predict field emergence of garden peas (Sivritepe et 

al. 2015). Adequate seed Zn content can prevent cell damage and decrease the 

leakage of various organic compounds to alleviate pathogen attraction that may cause 

pathogenic infection (Rehman et al. 2015; Imran et al. 2017).  

Some studies have reported that mineral Zn within the seeds improves viability, 

seedling vigour and plant health leading to higher yields (Imran et al. 2017). Therefore, 

the aim of this study was to investigate the effect of wheat seed Zn contents on vigour 

and germination, as well as the effects on early seedling growth.  

3.2 Materials and methods 

3.2.1 Experimental site 

The experiments were conducted at the Welgevallen experimental farm in 

Stellenbosch under controlled environmental conditions.  

3.2.2 Wheat seed accessions 

The wheat seed accessions used in these experiments were sourced from two 

consecutive seasons (2017 (two years old) and 2018 (one year old)) from two different 

localities, namely Roodebloem (34°22´ S, 19°52´ E; 117 m above sea level – masl) and 

Langgewens (33°17´ S, 18°40´ E; 91 masl), respectively. Seeds were sourced from a 

foliar zinc application experiment and were selected to have a relatively low and high 

zinc content from each locality in each year.  The experimental layout was therefore a 

completely randomized design with eight treatments (accessions) replicated four 

times.  Table 3.1 gives an overview of the accessions and some of its characteristics. 

The seeds were stored in a cold room at 5 ºC until used. 
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Table 3. 1: Origin of the seed accessions used in the study  

Accessions Localities Age (year) Zinc concentration 
(mg kg-1) 

 L1La Langgewens 1 14.3 
 L2L Langgewens 2 32.5 
 R2L Roodebloem 2 32.7 
 R1L Roodebloem 1 34.3 
 L1H Langgewens 1 43.5 
 R1H Roodebloem 1 51.3 
 L2H Langgewens 2 70.8 
 R2H Roodebloem 2 72.7 

aFirst letter (L/R) represents the locality which an accession was sourced from, the number in the 

middle (1/2) represents age in years between accessions and H/L indicates zinc content class 

 

3.2.3 Experimental procedures 

3.2.3.1 Vigour test: Electrical conductivity  

Each population was replicated four times with 50 seeds per replicate weighed by 

making use of a three-decimal scale (Mettler PC 440). A treatment with 50% (v/v) 

household bleach (3.5 m/v) solution was used to sterilize seeds. The seeds were then 

rinsed three times with deionized water.  The weighed and sterilized seeds of each 

accession were immersed in 200 ml of deionized water in a 500 ml flask for 24 hours 

at room temperature. After soaking, the water left was termed as leachate and the 

conductivity for each leachate from each replicate was measured using a conductivity 

meter (Waterproof PCTestr 35 multi-parameter, Oakton). The conductivity meter was 

rinsed with water before testing a total of 32 leachates. Firstly, the conductance of 

distilled water was measured and then the electrode was cleaned with tissue paper 

after reading conductance of each leachate. The EC of the leachate recorded from 

each replicate was calculated as shown below: 

EC (μS cm-1 g-1) = EC of each leachate - – EC of deionized water 

Note that the lower the EC, the higher the seed vigour.  
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3.2.3.2 Standard Germination test 

The germination test was conducted according to the procedure of the International 

Seed Testing Association (ISTA) method by using rolled germination sheets (ISTA 

2020). Each population was replicated four times with 50 seeds per replicate and the 

sheets were moistened with deionized water. Each of the paper rolls were placed in a 

plastic sleeve and sealed to reduce evaporation. The plastic sleeves were sealed with 

rubber bands and incubated in an upright position and kept at a constant temperature 

of 20 ºC in the dark in a germination cabinet (Labcon Growth Chamber LRGC). The 

inspection of the germination started after two days, and the number of germinated 

seeds was counted and recorded daily. The germination inspection was discontinued 

when no further seed germination was recorded on three consecutive days. A seed 

with one mm radicle protrusion from the embryo was considered as a germinated 

seed. All this data was expressed as germination percentage and germination rate. 

Germination percentage was calculated for each replicate by using the following 

equation:  

𝐺𝑃 (%) = 𝑔/ 50 ∗ 100 

where g is the number of germinated seeds and 50 the total number of seeds used 

per replicate (El-Shaieny 2015). Similarly, the germination rate (GR) for each replicate 

was calculated by using the following equation:  

𝐺𝑅 = ∑
𝑛𝑖

𝐷𝑖.𝑛𝑖

𝑘
𝑖=1  x 100 

where k = final day, Di = day of recording, ni = number of seeds germinated on day Di 

and i = day 1 to day k (Pieterse and Cairns 1986). 

3.2.3.3 Early wheat growth  

At the termination of the germination test (when no further seeds have germinated for 

three consecutive days) the shoot and root lengths of the wheat seedlings were 

measured. A total of 10 randomly selected seedlings (sample size for each accession 

was 10 and each replicated 4 times) were measured on the termination day. The 

distance from the mesocotyl to the tip of the radicula and the distance from the 
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mesocotyl to the tip of the coleoptile was measured by means of a ruler to determine 

the root and shoot lengths, respectively. 

3.2.3.4 Data Analysis 

All data analyses were undertaken in Statistica version 13.5.0.17 (TIBCO 2019). The 

data were initially recorded on Microsoft Excel. All the data was subjected to analysis 

of variance (ANOVA) to determine if there were any differences between accessions 

in terms of germination velocity, germination percentage and root and shoot length.  

Fisher’s least significant differences (LSD) test was conducted at a 5% significance 

level to determine whether differences between accessions were significant. 

3.3 Results and Discussion 

Figure 3.1 shows variations in seed mass of 50 seeds from eight accessions that vary 

in zinc content and age (p < 0.05). Seeds lose moisture during storage (Van Treuren 

et al. 2018). The 1-year-old accessions had an overall bigger seed mass compared to 

2-year-old accessions, with L1H having the highest seed mass of all (p < 0.05). Both 

L1H and L1L were one year old seeds from Langgewens and L1L had significantly 

lower seed mass compared to L1H, but significantly greater seed mass than the rest 

of the accessions (L2L, R2L, R1L, R1H, L2H, R2H). However, L2L and L2H had similar 

seed mass that were significantly lower than the other accessions except for accession 

R2H. Both accessions L2L and L2H were from Langgewens that had a very dry season 

in 2017 (two-year old accessions). Accession L2H had about double the seed Zn 

concentration of L2L.  Seed size is also positively correlated to seed vigour, and larger 

seed tends to produce vigorous seedlings that increase productivity in seeds like 

wheat (Ambika et al. 2014). 
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 Figure 3.1: The seed mass of 50 seeds of eight different wheat accessions with varying Zn 
concentrations and ages. Values that differ at p=0.05 are indicated with different letters. 
Vertical bars indicate the 95% confidence intervals. 

Seeds enriched with Zn are usually associated with better germination and vigorous 

seedlings (Rashid et al. 2019). Figure 3.2 shows results of EC test of all accessions 

that vary in seed mass, Zn content, age, and locality. Electrolyte leakage is strongly 

related to loss of seed viability (Lazar et al. 2014). Accession R2H had significantly 

higher electrolyte leakage compared to accessions R1H and L2L. The age and seed 

mass could explain the high EC readings for R2H, despite it having the highest seed 

zinc content (Table 3.1). In addition, L2H was not significantly different to R2H (Figure 

3.2). Both accessions were two years old with relatively low mass (Fig 3.1). 
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Figure 3. 2: EC results after 24 hours in room temperature for all different wheat accessions 
with varying Zn concentrations and ages. Values that differ at p=0.05 are indicated with 
different letters. Vertical bars indicate the 95% confidence intervals. 

Seeds lose viability and germination ability with an increase in storage periods 

(Guberac et al. 2003). Matthews and Powell (2006) emphasised that there are two 

main explanations for high leakage from low vigour seeds, namely seed ageing, and 

imbibition damage. The least leakage was observed from accession L2L and R1H. 

This indicate that cell membranes were most functional for these accessions thus 

limiting the amount of internal seed material to leak out. Zinc has been reported to also 

play an important role in maintaining the structural stability of cell membranes against 

various stress factors (Imran et al. 2017).  

An interesting trend (albeit non-significant) occurred within the 1-year-old 

accessions as we observed a decrease in leakages with an increase in seed Zn 

content. It seems like seed mass had less effect on the EC reading, but instead seed 

Zn seemingly influenced EC readings though seed age had a contrasting effect where 

the two accessions with low Zn content showed a decrease in leakage in the two-year-
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old accessions (L2L and R2L) (Figure 3.2). The effect of Zn content on electrolyte 

leakage therefore was inconclusive. Like any other living organism, wheat undergoes 

natural aging and sudden death due to the consumption of seed nutrients to produce 

energy by maintaining metabolism thus, compromising seed embryo and viability (Tian 

et al. 2019). Several researchers have found that EC provided the best estimate of 

seed vigour and reported that seed lots with higher ECs resulted in poor germination 

that was ascribed to low vigour (Samarah and Al-Kofahi, 2008; Lazar et al 2014).  

The germination percentages of the different accessions are presented in Figure 

3.3. Significant (p < 0.05) differences occurred between different accessions.   

Accession R1L and R1H both performed significantly better than all the other 

accessions. Both accessions R1L and R1H were from Roodebloem and were one year 

old. There were no significant differences between germination percentages of 

accessions R1L and R1H although the Zn content of R1H was about 33% higher than 

those of accession R1L (Table 3.1). Seeds enriched with Zn are usually associated 

with better germination (Ozturk et al. 2006; Hassan et a.2019; Rashid et al. 2019). 
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Figure 3. 3: The germination percentage for eight different wheat accessions with varying Zn 
concentrations and ages. Values that differ at p=0.05 are indicated with different letters. 
Vertical bars indicate the 95% confidence intervals. 
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It is not surprising for accessions R1H and R1L to have the best germination (>80%) 

because of a significantly lower EC value (Figure 3.2). According to Imran et al. (2017), 

adequate seed Zn content can prevent cell damage and decrease the leakage of 

various compounds. The results support the findings of Matthews and Powell (2006), 

who reported that high levels of leakage are a characteristic of low vigour seed lots.  

However, accessions L1L and L1H had lower germination percentages (<75%) and 

they differed significantly from each other, but also significantly from the rest of the 

accessions. These two accessions were also one year old but were from Langgewens. 

In this case accession L1L had a significantly higher germination percentage than 

acession L1H, although accession L1H had about three times higher Zn content than 

accession L1L (Table 3.1). The effects of stimulation of the germination in the case of 

treatment with Zn in lower concentrations were reported in other cultivated species: 

Cicer arietinum (after 72 hours) in concentrations of 10 mM and 25 mM (Sharma et al. 

2010). An opposite trend was observed when we compared seed mass for both 

accessions, e.g., L1H had greater seed mass than L1L which was not evident in 

germination (data not shown). The seed mass of all seeds used in this experiment are 

not shown because they had a similar trend as those used for EC test (Figure 3.1).   

All the two-year old accessions (L2L, R2L, L2H and R2H) had significantly lower 

germination percentages (<40%) than the one-year-old accessions (>50%) (Figure 

3.3). It is known that larger seeds are more vigorous due to high nutrient reserve 

content (Imran et al. 2017). Many authors have worked on the issues of seed storage 

for cultivated and wild species. Long seed storage caused seed quality loss and lower 

percentage of germination within the studies of Guberac et al. (2003). Accessions L2L 

and L2H that had the lowest germination percentages were again from Langgewens 

and the fact that accession L2H had more than double the Zn content of L2L did not 

result in better germination performances. A loss of viability in aged seed is generally 

accompanied by reduced seed vigour (Van Treuren et al. 2018). 

The much lower seed mass of accession L2H (seeds appeared small and wrinkled) 

did not appear to affect the germination percentage as severely as the germination 

velocity (Figure 3.4). It is not clear if seed mass had an effect on germination because 

L1H had significantly bigger seeds when compared to all accessions, followed by L1L 
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which was also significantly heavier than the rest of the accessions. (Figure 3.1) The 

same was true for R2L and R2H, both from Roodebloem (Figure 3.1). The 

Roodebloem accessions had significantly better germination percentages than those 

from Langgewens. It appeared as if age plays the dominant role in determining the 

germination percentage of the wheat seed accessions, followed by locality and lastly 

seed Zn content.  
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Figure 3.4: The velocity of germination for eight different wheat accessions with varying Zn 
concentrations and ages. Values that differ at p=0.05 are indicated with different letters. 
Vertical bars indicate the 95% confidence intervals. 

Results confirmed that wheat seeds differ in vigour (Hampton 1981) and that cell 

membrane integrity as estimated by electrolytes leakage by the EC test (Figure 3.2) 

is a fundamental cause of vigour loss (Khan et al 2007). We can conclude that seed 

vigour decreases with increase in storage time. Cakmak et al. (2010) investigated the 

effect of long-term natural ageing of two clover cultivar seeds stored for forty years on 

germination in comparison to non-aged seeds. The findings support the loss of seed 

viability, which is reflected by the variations of germination percentage of seeds that 

have aged. It was shown that natural ageing features a direct negative effect on seed 

viability and germination (Cakmak et al. 2010). As a result, quality changes related to 

metabolism may occur inside a seed, like relaxed tissue structure, decreased 
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nutrients, and reduced enzymatic enzymes that cause physiological deterioration of 

wheat embryo and reduced seed viability (Tian et al. 2019).  

In this study age did appear to have an influence on germination percentage but 

not on the germination rate. A marginal increase was observed of germination 

percentage with the increase of seed Zn concentration across all 1-year-old 

accessions, but not in the 2-year-old accessions. Germination velocity of seed is an 

accurate representation of seed vigour. Changes in the germination velocity may 

reflect aging of the embryonic cells and endosperm (Tian et al. 2019). The only 

accession with significantly lower germination velocity than the others was obviously 

L2H from Langgewens (Figure 3.4), which had a high Zn content but also was two 

years old (Table 3.1). The seeds from that accession also had the lowest seed mass. 

The germination velocity of the other accessions was very similar and ranged between 

30 and 34. The optimal environmental conditions in the germination incubator may 

have led to similarities in germination rate.  

The effect of seed Zn concentration on germination percentage and velocity was 

probably masked by the dominant effect of seed age and of locality in this study. 

Accession L1L (lowest seed Zn concentration) showed a good germination percentage 

despite having the lowest Zn content and from that we can conclude that a Zn 

concentration of as low as 14.3 mg kg-1 is not detrimental to germination of seeds. 

Sufficient Zn contents in seed play a key role in many physiological processes during 

germination (Ozturk et al. 2006; Hassan et al. 2019). 

Reduced seed germination in older seeds might have resulted from the increased 

solute leakage due to poor membrane conditions, following imbibition which is usually 

accompanied with inevitable exudation of some necessary materials for germination. 

Mathews and Powell 2006). Figure 3.5 shows excessive fungal growth on seeds of 

accession L2H, the poorest performing accession, probably because of increased 

solute leakage. Germination capability is weak due to low rate of metabolism in old 

seeds (Cakmak et al. 2010).  
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Figure 3.5: The growth of fungi due to solute leakage of the 2-year-old wheat seeds from L2H 
sample with a Zn content of 70.8 mg kg-1. 

Seed nutrient reserves are important during germination and early growth stages of 

establishment. In cereals, a significant share is stored in the scutellum (Ozturk et al. 

2006). The scutellum also absorbs nutrients from the endosperm and participate in 

their transport to shoots and roots (Bityutskii et al. 2005).  Genc et al. (2000) reported 

the beneficial effects of seed Zn on the growth and yield of wheat. In our study we 

observed that poor germination translated into poor early growth. For instance, 

accession L2L failed to germinate at least 10 seeds per replication to enable data 

collection for this experiment (data not shown). In addition, both accessions L2L and 

L2H were two years old, with lowest germination percentage (Figure 3.3), lowest seed 

mass and both were from Langgewens. The only difference is in seed Zn 

concentration and L2H, which had double the Zn concentration compared to L2L yet 

L2H that had extremely low germination velocity (Figure 3.4). Seed deterioration over 

time results in a poor percentage and rate of germination (Mohammadi et al. 2011) 

and subsequently poor seedlings. 

Shoot height was not significantly influenced by the seed Zn concentration (results 

not shown). A study by Genc et al (2000) revealed that higher seed Zn content 

improved vegetative growth of barley, but this trend was not observed in the present 

study. Seed Zn concentrations for best germination are probably not the same for best 

early growth results because of the seed depletion ratio, i.e., the fraction of seed 

reserve that is mobilized and the conversion efficiency of mobilised seed reserves to 

seedling tissues (Mohamadi et al. 2011).  

 Significant differences in root length for all accessions that vary in seed Zn content, 

mass and age was observed (Figure 3.6). During germination, the radicle is the first 
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organ to protrude from the seed (Han et al 2017), suggesting that an optimal seed Zn 

content for germination will also promote root development. The one-year-old 

accessions (L1L, R1L, L1H and R1H) generally had the longest redicle when 

compared to 2-year-old accessions, although differences were not always significant 

(p > 0.05). According to Hassan et al. (2019), Zn is essential for cell division and for 

actively growing parts of the plant such as root tips. The longest root length was 

observed in accession R1L (34.3 mg kg-1 Zn content) from Roodebloem. Similar trends 

for R1L and R1H was observed in terms of germination (Figure 3.3) and EC test 

(Figure 3.2), which is suspected to be more likely influenced by Zn content than seed 

mass, locality, and age.  
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Figure 3.6: Early root length for each of eight wheat accessions with varying Zn concentration 
and ages. Values that differ at p=0.05 are indicated with different letters. Vertical bars indicate 
the 95% confidence intervals. 

 

An inhibitory effect on seedling growth due to high Zn levels have been reported.  

In the literature it is mentioned that root growth is more sensitive to heavy metal toxicity 

than shoot growth (Stratu and Costică 2015). An inhibiting effect for the growth of 
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radicle/hypocotyl caused by high concentrations of zinc sulphate (40 mM) were 

noticed in the seedlings of Vigna radiata (Nag et al. 1989). From the one-year old 

accessions, R1H had the highest seed Zn content (51.3 mg kg-1) with germination 

percentage (>80%) and significantly low electrolyte leakage (Figure 3.2). Zinc is an 

essential micro-element required for plant growth (Abdoli and Esfandiari 2017) and is 

involved in various biochemical and physiological processes (Cakmak 2008). For 

example, in the metabolism of the carbohydrates, proteins, a precursor of auxin 

(Rehman et al. 2015) and it plays a role in the germination process and in maintaining 

the turgor of tissues (Stratu and Costică 2015). 

In addition, high grain Zn contents stimulate seed germination and early seedling 

growth (Cakmak 2008). However, the root length of R1H was not significantly different 

to R1L (Figure 3.4). In addition, R2H had the greatest Zn concentration out of all the 

accessions (72,7 mg kg-1) (Table 3.1). The best performing accessions were from 

Roodebloem, R1L>R1H>R2H, respectively (Figure 3.4). However, R2L had 

significantly shorter radicles than the other three above mentioned Roodebloem 

accessions. Accession R2H, also from Roodebloem, one of the best performers, was 

however also two years old but in the case of root growth, the high Zn content could 

possibly have neutralised the effect of age. However, in the case of the Langgewens 

accessions, L1L, that had the lowest Zn concentration (14.3 mg kg-1) (Table 3.1) 

performed just as well as accession L1H, that had a Zn content of 43.5 mg kg-1. 

Interestingly, the significant differences in the root lengths of the different accessions 

were not observed in the shoot lengths, as discussed above.  

It looks like most of the seed reserves were invested in early root development 

before the shoots; thus resulting in having very short shoots. Seed reserves are 

needed to take care of seedling growth until the root system is fully developed (Imran 

et al.2017). In this study, seed Zn content seemed to play a crucial role in the 

germination and early developmental stages of wheat with the exception, perhaps, of 

early shoot growth. The trends were however not that clear. Unfortunately, seed mass 

could not explain most of the significant observations during EC and SG tests.  
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3.4 Conclusion 

The EC test provided the best estimate of seed vigour, R1H (51.3 mg kg-1) had the 

least electrolyte leakage and not surprisingly also the best germination (>80%). The 

overall lowest germination was observed from 2-year-old accessions despite seed Zn 

concentrations. Increased zinc content in wheat grains through biofortification did not 

have any significant influence on seed quality and germination. Seeds lose viability 

with an increase in storage time and that was evident in poor germination results due 

to low vigour, irrespective of high seed Zn concentrations. The shoots and roots 

responded variably to the seed Zn concentration. Early shoot growth was not affected 

by Zn concentration while the effect of Zn concentration on early root growth 

contrasted between the two localities. Overall germination was poor for accessions 

sourced from Langgewens despite the seed Zn content of wheat (H/L). This could 

however not clearly be contributed to seed size. 

It is recommended that a range of Zn rates be investigated to determine the optimal 

Zn concentration for germination in young and older seed lots. This includes studies 

on the effects of seed mass on seed vigour in a controlled environment.  

  

Stellenbosch University https://scholar.sun.ac.za



 

60 

 

3.5 References 

Abdoli M, Esfandiari E. 2017. Effect of seed zinc content on vigour and seedling growth 

parameters of wheat grown in different levels of salinity. International Journal of 

Advanced Life Sciences 2: 263-271. 

Afzal I, Rehman H, Naveed M, Barsa SMA. 2016. Recent advances in seed enhancements. 

New Challenges in Seed Biology-Basic and Translational Research Driving Seed 

Technology:47-74. 

Afzal I. 2013. Need for public-private partnership in seed technology. Dawn, October 14, 2013. 

Ambika S, Manonmani V, Somasundaram G. 2014. Review on Effect of Seed Size on 

Seedling Vigour and Seed Yield. Research Journal of Seed Science 7: 31-38. 

Bityutskii NP, Davydovskaya EN, Malyuga EA, Yakkonen KL. 2005. Mechanisms underlying 

iron and zinc transport to axis organs in grain during early seedling development of 

maize. Journal of Plant Nutrition 27: 1525-1541. 

Cakmak I. 2008.  Enrichment of cereal grains with zinc: Agronomic or genetic biofortification? 

Plant and Soil 302: 1-17. 

Cakmak T, Atici ó, Agar G. 2010. The natural aging related to biochemical changes in the 

seeds of two legume varieties stored for 40 years. Acta Agriculturae Scandinavica 

Section B- Soil and Plant Science 60: 353-360. 

El-Shaieny AHA. 2015. Seed germination percentage and early seedling establishment of five 

(Vigna unguiculata L. (Walp) genotypes under salt stress. European Journal of 

Experimental Biology 5: 22-32. 

Genc Y, McDonald GK, Graham RD. 2000. Effect of seed zinc content on early growth of 

barley (Hordeum vulgare L.) under low and adequate soil zinc supply. Australian 

Journal of Agricultural Research 51: 37-45. 

Guberac V, Maric S, Lalic A, Drezner G, Zdunic Z. 2003. Hermetically sealed storage of cereal 

seeds and its influence on vigour and germination. Journal of Agronomy and Crop 

Sciences 198: 54-56. 

Hampton JG. 1981. The relationship between field emergence, laboratory germination, and 

vigour testing of New Zealand seed wheat lines. New Zealand Journal of Experimental 

Agriculture 2: 191-197. 

Han C, Zhen S, Zhu G, Bian Y, Yan T. 2017. Comparative metabolome analysis of wheat 

embryo and endosperm reveals the dynamic changes of metabolites during seed 

germination. Plant Physiology and Biochemistry 115: 320-327. 

Hassan N, Irshad S, Saddic MS, Bashir S, Khan S, Wahid MA, Khan RR, Yousra M. 2019. 

Potential of zinc seed treatment in improving stand establishment, phenology, yield 

and grain biofortification of wheat. Journal of Plant Nutrition 14:1676-1692. 

Stellenbosch University https://scholar.sun.ac.za



 

61 

 

Imran H, Garbe- Schönberg D, Neumann G, Boelt B, Mühling KH. 2017. Zinc distribution and 

localization in primed maize seeds and its translocation during early seedling 

development. Environmental and Experimental Botany 143: 91–98. 

ISTA. 2020. International rules for seed testing. ISTA, Bassersdorf, Switzerland: International 

Seed Testing Association. 

Kader MA. 2005. A comparison of seed germination calculation formulae and the associated 

interpretation of resulting data. Journal and Proceedings of the Royal Society of New 

South Wales 138: 65–75. 

Khan AZ, Khan H, Khan R, Aziz A. 2007. Vigour test used to rank seed lot quality and predict 

field emergence in wheat. American Journal of Plant Physiology 5: 311-317. 

Lazar S L, Mira S, Pamfil D Martínez-Laborde J B. 2014. Germination and electrical 

conductivity tests on artificially aged seed lots of 2? wall-rocket species. Turkish 

Journal of Agriculture and Forestry 6: 857-864. 

Matthews S, Powell A. 2006. Electrical conductivity vigour test: Physiological basis and use. 

Seed Testing International 131: 33-35. 

Mohammadi H, Soltani A, Sadeghipour HR, Zeinali E. 2011. Effects of seed ageing on 

subsequent seed reserve utilization and seedling growth of soybean. International 

Journal of Plant Production 1: 65-70. 

Moshatati A, Gharineh MH. 2012. Effect of grain weight on germination and seed vigour of 

wheat. International Journal of Agriculture and Crop Sciences 4: 452-460. 

Nag P, Nag Paul AK, Mukherji S. 1989. The effects of heavy metals, Zn and Hg, on the growth 

and biochemical constituents of mungbean (Vigna radiata) seedlings, Botanical 

Bulletin of Acadamia Sinica 30: 241-250.  

Ozturk L, Yazici MA, Yucel C, Torun A, Cekic C, Bagci A, Ozkan H, Braun H, Sayers Z, 

Cakmak I. 2006.  Concentration and localization of zinc during seed development and 

germination of wheat. Physiologia Plantarum 128: 144-152. 

Pieterse PJ, Cairns ALP.1986. An effective technique for breaking the seed dormancy of 

Acacia longifolia. South African Journal of Plant and Soil 3: 85-87. 

Rashid A, Ram H, Zou C, Rerkasem B, Duarte AP, Simunji S, Yazici A, Guo S, Rizwan M, Nal 

RS, Wang Z, Malik SS, Phattakul N, Freitas RS, Lungu O, Barros VLNP, Cakmak I. 

2019. Effect of zinc-biofortified seeds on grain yield of wheat, rice and common bean 

grown in six countries. Journal of Plant Nutrition and Soil Science 182: 791-804.  

Rehman A, Farrok M, Ahmed A, Basra SMA. 2015. Seed priming with zinc to improve the 

germination and early seedling growth of wheat. Seed Science and Technology 43: 

262-268. 

Samarah N, Al-Kofahi S. 2008. Relationship of seed quality tests to field emergence of artificial 

aged barley seeds in the semiarid mediterranean region. Jordan Journal of Agricultural 

Sciences 5: 123-28.  

Stellenbosch University https://scholar.sun.ac.za



 

62 

 

Sawan Z. 2013. Direct and residual effect of plant nutrition’s and plant growth retardants on 

cotton seed. Agricultural Sciences 12: 66-88. 

Sivritepe HO, Senturk B, Teoman S. 2015. Electrical Conductivity test in Maize seeds. 

Advance in Plant and Agriculture Research 2:297-297. 

Sharma S, Sharma P, Datta SP, Gupta P. 2010. Morphological and biochemical response of 

Cicer arietinum L. var. pusa-256 towards an excess of zinc concentration. Life Science 

Journal 1: 95-98. 

Stratu A, Costică N. 2015. The influence of zinc seed germination and growth in the first 

ontogenetic stages in the species Cucumis melo L. Present Environment and 

Sustainable Development 9: 215-228. 

Tatipata A. 2009. Effect of seed moisture content packing and storage period on mitochondria 

inner membrane of soybean seed. Journal of Agriculture and Technology 5: 51-64. 

Tian P, Lv Y, Yuan W, Zhang S, Hu Y. 2019. Effect of artificial aging on wheat quality 

deterioration during storage. Journal of Stored Products Research 80: 50-56. 

TIBCO. 2019. TIBCO Statistica® 13.6.0. Available at https://docs.tibco.com/products/tibco-

statistica-13-6-0. 

Van Treuren R, Bass N, Kodde J, Groot SPC, Kik C. 2018. Rapid loss of seed viability in ex 

situ conserved wheat and barley at 4°C as compared to −20°C storage. Conservation 

Physiology 6: 1-10.  

Ventura L, Dona M, Macovei A, Carbonera D, Buttava A, Mondoni A, Rossi G, Balestrazzi A. 

2012. Understanding the molecular pathways associated with seed vigour. Plant 

Physiology and Biochemistry 60: 196-206. 

  

Stellenbosch University https://scholar.sun.ac.za



 

63 

 

Chapter 4 

The influence of seed zinc content on vigour, germination and early 

seedling growth of wheat seeds that have been subjected to 

accelerating ageing treatments 

 

4.1 Introduction 

Seed viability is defined as the ability to germinate under optimal growth conditions 

(Okoye et al. 2018), while viguor can be described as the ability of a seedling to 

successfully grow under stressed or sub-optimal growth conditions (Okoye et al. 

2018). There are several tests that can be performed on crop seeds to establish its 

vigour, one of which is the accelerated ageing (AA) test (ISTA 2020). Accelerated 

ageing is a model used for estimation of germination during medium to long-term 

storage of seeds such as wheat (Triticum aestivum). During storage, post-harvest 

wheat continues to consume stored nutrition to supply energy, thereby maintaining 

metabolism (Tian et al. 2019). The lifespan of a seed is determined by their genetic 

makeup and physiological storage potential as well as by any deteriorating events that 

occur before or during storage, including interaction with environmental factors (Rajjou 

et al. 2006). 

Adverse storage conditions such as high temperatures during storage may result in 

increased respiration and rapid consumption of storage materials that stimulate in-

seed deterioration, and subsequently reduced germination, emergence, and 

establishment of wheat seedlings (Marshall and Lewis, 2009). Humidity and 

temperature had a notable effect on viability in cereals, and germinating ability 

decreased with an increase in storage periods (Guberac et al. 2003). Seed 

germination is strongly dependent, when moisture is adequate, on temperature 

(Soltani et al. 2008; Tian et al. 2019). 

According to Mendes and De Moraes (2009), testing for vigour becomes more 

important if seeds were stored under unknown or unfavorable conditions. This test 

gives an insight into seed behavior during field emergence. Seed zinc (Zn) 
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concentration might improve seed vigour. Wheat is a crop species inherently low in Zn 

according to Cakmak (2008). In addition, Ozturk et al. (2006) proposed that more 

attention should be given to Zn biofortification of cereal crops as they inherently have 

low Zn concentrations. Imran et al. (2017) reported that mineral Zn within the seed 

improves viability and seedling vigour. 

The aim of this study was to investigate the influence of wheat seed Zn content and 

age on germination of wheat after simulated extreme storage conditions (accelerated 

ageing), as well as the effects on early vegetative growth. 

4.2  Materials and methods 

4.2.1 Experimental site 

Both experiments (in chapter 3 and 4) were conducted under controlled environmental 

conditions at Welgevallen experimental farm of the University of Stellenbosch. A 

germination incubator running at a constant temperature of 20ºC without light source 

was used for germination experiments. 

4.2.2 Wheat seed accessions  

The wheat seed accessions used in these experiments were sourced during two 

consecutive seasons (2017 and 2018) from two different localities, Roodebloem 

(34°22´ S, 19°52´ E; 117 m above sea level (masl)) and Langgewens (33°17´ S, 18°40´ 

E; 91 masl), respectively. Seeds were sourced from a foliar Zn application experiment 

and were selected to have a relatively low and high Zn content from each locality in 

each year. The experimental layout was therefore a completely randomized design 

with eight treatments (accessions) replicated four times. In reference to Table 3.1 in 

chapter 3, Table 4.1 give the same overview of the accessions and some 

characteristics as shown below. The seeds were stored in a cold room at 5 ºC before 

the experiment was carried out. 
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Table 4. 1: Origin of the seed accessions used in the study  

Accessions Localities Age (in years) Zinc concentration (mg kg-1) 

 L1La Langgewens 1 14.3 
L2L Langgewens 2 32.5 

 R2L Roodebloem 2 32.7 
 R1L Roodebloem 1 34.3 
 L1H Langgewens 1 43.5 
 R1H Roodebloem 1 51.3 

 L2H Langgewens 2 70.8 
 R2H Roodebloem 2 72.7 

aFirst letter (L/R) represents the locality which an accession was sourced from, the number in the 

middle (1/2) represents age in years between accessions and H/L indicates zinc content class 

4.2.3 Experimental procedures 

4.2.3.1 Accelerating ageing and germination test  

A treatment with 50% (v/v) household bleach (3.5 m/v) solution was used to sterilize 

seeds. Bleach was diluted by adding 150 ml to the equivalent volume of deionized 

water. The seeds were thereafter soaked in the solution for 10 minutes. The treated 

seeds were rinsed three times with deionized water. Tissue paper was used for blotting 

to enhance drying of the seeds. The seeds were left to dry for 24 hours before 

proceeding with the AA test.  

 

 

 Figure 4. 1: A picture showing the mesh tray with seeds and solution and three rinsing 

stations (taken 2019-10-21). 
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4.2.3.2 Preparation of the plastic AA boxes and seed sample 

A total of 200 seeds of each accession were distributed evenly in different mesh trays 

per population respectively and put into the container with 40 ml of deionized water. It 

did ensure that the mesh with seeds did not touch the water surface to prevent 

germination from taking place in the AA box. The container was subsequently sealed 

by means of the plastic lid. The AA boxes with all samples were placed on a shelf, 

allowing air space of 2.5 cm between the boxes to assure air circulation and 

temperature uniformity inside the chamber, thus avoiding condensation inside the AA 

boxes in an incubator (IncoTherme-LABOTEC) at 42 ºC for 72 hours. After the seeds 

were removed from the AA container, the same procedure explained in Chapter three 

was followed for the germination test.  

4.2.3.3 Early wheat growth 

In this experiment plant height (shoots and roots) was measured at the end of the 

germination period. The goal of this experiment was to determine if there were any 

significant influences on germination after accelerated ageing due to different seed Zn 

concentrations and seed age. After terminating the germination experiment, a total of 

10 randomly selected seedlings (sample size was 10 and each replicated 4 times) 

from each accession were measured.  

4.2.3.4 Data Analysis 

All data was analyzed by making use of Statistica 13 (TIBCO 2019) and Microsoft 

Excel. All data was initially recorded in Excel. Statistica was then used to determine if 

there were significant differences in germination percentage, germination velocity and 

plant heights between the different treatments. Various one-way ANOVA tests were 

used to determine if there were any significant differences between different 

treatments. All the parameters with p-values smaller than 0.05 were considered to 

differ significantly between different treatments. Where p-values were smaller than 

0.05, differences between treatments were investigated by means of Fisher’s LSD 

post hoc test. Some correlation analysis was done to determine whether positive or 

negative relationships occurred between different parameters and Zn concentration. 
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4.3 Results and discussion 

4.3.1 Germination results 

Germination percentage was significantly affected by artificial ageing (p>0.05). 

Similar observations were reported by Mosavi et al. (2011), who reported that the 

accelerated aging test showed that the aging seed is characterized by a decrease in 

germination, reduced speed of germination and poor seedling development. 

According to Mondo et al. (2013), an increase in seed vigour leads to decreased 

emergence time and an increase in the growth rate of seedlings. This was negligible 

in this study. The reason why accession L2H had similar velocities to R1L and R1H, 

were because in this experiment we observed a 7-8 % germination in all four 

replicates, whereas in Chapter 3 we only had 10% germination in one replicate and 

0% in three replicates, which reduced the mean germination velocity. However, there 

were significant differences in velocity of germination (Figure 4.2) for all accessions. 

The highest mean velocity of germination (apart from accession L2H) was 31.8 for 

both accessions R1L and R1H (Table 4.2). Both of these accessions were from 

Roodebloem and they were one year old.  
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Figure 4.2 The velocity of germination for eight different wheat accessions with 
varying Zn concentrations and ages. Values that differ at p=0.05 are indicated with 
different letters. Vertical bars indicate the 95% confidence intervals. 
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According to Guberac et al. (2003), humidity and temperature had a notable effect 

on viability in cereals, and germinating ability decreased with an increase in storage 

time. Table 4.2 shows the differences in germination velocity during normal 

germination (determined in Chapter 3) and after accelerated ageing and we can 

conclude that velocity of germination generally decreased under prolonged storage. 

It is still uncertain if the changes in velocity of germination are dependent on seed Zn 

concentrations, age, or locality since accession L1L (14.3 mg kg-1) and L1H (43.5 mg 

kg-1) were both from Langgewens with similar age (one year). Accession R2L (32.7 

mg kg-1) and R2H (72.7 mg kg-1) were both two years old and from Roedebloem. 

There were no significant differences in velocity of germination for accession L1L, 

R2L, L1H and R2H in contrast to their differences in age, seed Zn concentrations and 

localities. Kader (2005) pointed out that germination events are important indicators 

of seed vigour and stress resistance. 

Table 4.2: Comparison of germination percentage and germination velocity values of eight 
wheat accessions after a normal germination (values from Chapter 3) and germination after 
accelerated ageing (AA) 

Accessions  

Germination-

percentage 

AA 

germination- 

percentage Difference 

Germination-

velocity 

AA 

germination-

velocity Difference 

L1L 73b 60,5b 12,5 30,6a 29,3b 1,3 

L2L 6e 8,5e -2,5 33,3a 31ab 2,3 

R2L 30,5 d 18,5d 12 30,1a 29,3b 0,8 

R1L 93a 84,5a 8,5 32,3a 31,8a 0,5 

L1H 54,5c 44,5c 10 30,1a 29,2b 0,9 

R1H 85,5a 78,5a 7 32,6a 31,8a 0,8 

L2H 2,5e 7e -4,5 6,9b 32,7a -25,8 

R2H 36,5d 38c -1,5 30,2a 29,2b 1 

Values with different letters in a column differ from each other at p = 0.05% 

 

The germination percentage fluctuated between different accessions. Results 

followed a similar pattern to the germination test results presented in Chapter 3 (Table 
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4.2). Accessions R1L and R1H had the highest germination percentage (84.5% and 

78.5%, respectively), which was significantly higher than the germination of the other 

accessions (Figure 4.3). Accession R1L with a Zn concentration of 34.3 mg kg-1 had 

a higher germination percentage (however not significant) than Accession R1H with 

a Zn concentration of 51.3 mg kg-1, which is about 33% more than in R1L.  The same 

response was observed in the germination test in Chapter 3 (Table 4.2). 

However, EC results showed no significant differences between Accessions L2L 

and R1H, in Chapter 3, Figure 3.2. Accession L2L also had almost 35% less Zn 

content. Cakmak (2008) did vigour and germination tests within the seeds of wheat 

and determined that higher Zn concentrations can improve seed viability. Not 

surprisingly, L2L had poor results in terms of germination in Chapter 3 and 4 

experiments. The rest of the accessions followed the same trends as in Chapter 3 

indicating that age, locality, and Zn concentration, in that order, influenced the 

germination percentages of the accessions, with Zn concentration, in this study, 

seemingly having a negligible role in germination processes. Zinc is reported to be 

high in the embryo and aleurone parts of the wheat seed (Cakmak et al. 2010). Zinc 

also plays an important role in maintaining the integrity of biological membranes, 

and thus the resistance to contagion by certain pathogens (Nawaz et al. 2015). 

There are more than 300 enzymes that require Zn for structural integrity and 

biological function (Ozturk et al.2006).  

Table 4.2 shows that the germination percentages generally were between 7 and 

12.5% lower for each accession after the AA test, except in the cases of accessions 

L2L, L2H and R2H, where there was a slight increase in the germination percentage 

after the AA test. Apart from the fact that accessions L2H and R2H were the 

accessions with the highest Zn concentrations (Table 4.1), there was no other 

indications that Zn concentration influenced the magnitude of the differences 

between the germination percentage before and after the AA tests in older 

accessions. 

The rate of seed ageing depends on the ability of a seed to resist degradation 

changes (Gupta and Aneja 2004; Mohammadi et al. 2011). It is well known that seed 

deterioration reduces germination rate (Soltani et al. 2008). However, in this study, 

no significant trends regarding Zn in germination velocity were recorded (Figure 4.1 
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and Table 4.1). However, the highest germination velocity was observed from R1L 

and L2H, which explains the vigour of R1L under stressed environments. Accession 

L2H in contrast had the lowest germination percentage.  
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Figure 4. 3: The germination percentage for eight different wheat accessions with varying Zn 
concentrations and ages after accelerated ageing treatment. Values that differ at p=0.05 are 
indicated with different letters. Vertical bars indicate the 95% confidence intervals. 

Wheat seed germination capacity could also be affected by natural ageing and 

accelerating ageing (Cakmak 2009). In the assessment of seed Zn and vigour, some 

researchers have determined that higher Zn concentrations can lead to improved 

vigour of wheat (Haslett et al. 2001; Afzal et al. 2016; Abdoli and Esfandiari 2017). 

Current results showed that natural aging of wheat accessions significantly 

influenced germination as shown in Chapter 3 (See Table 4.2). In this study, we have 

both natural and artificial ageing, which is expected to be detrimental to the seeds. 

From the standard germination results (Figure 3.2) we observed an 8.5% decrease 

from accession R1L, which had the optimum germination percentage (93%) when 

further stressed by accelerated aging (Table 4.2). A germination of 80% is generally 

an acceptable minimum for the utilization of a seed lot, when supported by laboratory 

germination tests (Matthews and Powell 2006). We may conclude that seed Zn seem 

to play a negligible role in slowing down ageing of wheat seeds. Even though Zn is 
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also known for its role in cell integrity, seed ageing remains a complex process. In 

addition, Accession R1L still had an acceptable germination percentage (>80%) after 

extreme conditions of high humidity and temperature. However, other accessions 

with higher Zn concentrations had lower germination percentages. While 

acknowledging the effect of age on seed vigour, a marginal decrease of germination 

percentage with the increase of seed Zn concentration masked by age was observed 

(Figure 4.4).  
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Figure 4.4: The correlation between germination percentage and seed Zn concentration after 
accelerating ageing of eight accessions from two localities. 

Since both accessions L2H and R2H had the highest seed Zn concentrations from 

all accessions in this study, it appears as if the effect of seed Zn on vigour of wheat 

seeds dissipates with an increase in storage time. However, there was not a 

significant relation (r= -0.1450; p>0.05) between Zn concentration and germination 

percentage after AA (Figure 4.4) Therefore, we cannot confidently conclude that 

differences in seed Zn concentration does not slow the deterioration rate. Although 

these studies provide intriguing insights into seed ageing mechanisms, the general 
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picture remains highly fragmented because it is not known whether mechanisms of 

seed ageing are similar under conditions of accelerated aging and natural aging 

(Cakmak et al. 2010).   

The seed mass data for accessions used in the accelerated ageing test (Chapter 

4) are not shown due to non-significant differences between accession samples used 

for this test and the mass of the samples presented in Chapter 3 (Figure 3.1). Figure 

4.5 shows significant differences between the calculated mean mass of samples used 

in Chapter 3 during EC and SG tests as well as those in Chapter 4.  

The differences were very similar for all accessions used in different experiments. 

However, these slight variations in seed mass could explain the slight germination 

increase we observed (Table 4.2) after AA test for L2L, L2H and R2H. Seed reserves 

have been reported to maintain germination processes and potential benefits of high 

seed Zn have been discussed, but there is no evidence that high seed Zn content 

improved seed quality during storage periods. This could also explain the results we 

observed in Chapter 3, (Figure 3.4) with R2H (72.7 mg kg-1) having similar root length 

to R1L and R1H. This is obviously due to slight differences in seed reserves because 

germination was poor irrespective of having the highest Zn content. Another reason 

that could have affected accessions sourced in 2017 from Langgewens in terms of 

seed mass is the fact that during the 2017 season, harvested seeds were very small 

and almost wrinkled due to poor rainfall.  

In support of this, Rajjou et al. (2006) stated that the lifespan of a seed is determined 

by its genetic and physiological storage potential and by any deteriorating events that 

occur prior to or during storage, as well as by interaction with environmental factors. 

The main feature of seed development is accumulation of nutritive materials, which is 

a positive correlated with vigour in terms of size and mass of seed (Miloševic et al. 

2010). Seed quality has been reported to be altered by environmental factors, plant 

growth and health and storage conditions (Tian et al. 2019) which negatively affect 

seed vigour during seed development (Sawan 2013). 
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Figure 4. 5 Wheat seed mass means for all accessions used in Chapter 3 (EC and SG) and 
Chapter 4 (AA test) with varying Zn concentrations, age and sourced from Roodebloem and 

Langgewens. Values that differ at p=0.05 are indicated with different letters. Vertical bars 

indicate the 95% confidence intervals. 

4.3.2 Early wheat growth results 

Previous studies on many species have shown that high levels of leakage are 

characteristic of seeds incapable of germinating (Matthews and Powell 2006). 

Accessions L2L and L2H with less than 10% germination (Figure 4.2) were both 2-

year-old seed from Langgewens, with Zn concentrations of 32.5 and 70.8 mg kg-1 

respectively. However, according to our EC results (Figure 3.3) L2L in contrast to poor 

germination had one of the lowest EC readings, which indicate that not many 

electrolytes have escaped and therefore the membranes were in good condition. Zinc 

has been reported to be an essential micronutrient which is required in adequate amounts 

because of its important role in maintaining the structural stability of cell membranes 

against various stress factors (Ozturk et al.2006; Nawaz et al. 2015; Imran et al. 2017). 

This is in contrast to the results of L2L in particular. 

We could not record data for shoot and root length for these two accessions (L2L 

and L2H) due to a limited number of seedlings to obtain mean values. There were no 

significant differences between the remaining wheat accessions in terms of either root 

or shoot lengths after the AA germination test (data not shown). EI Rasafi et al. (2016) 
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reported a negative relationship between coleoptile and radicle growth of wheat when 

exposed to different concentrations of cadmium (Cd) iron (Fe) and Zn. Figure 4.6 

shows a positive, albeit non-significant (p>0.05) correlation between seed Zn 

concentrations and shoot lengths (r=0.2161) and a negative correlation between Zn 

concentration and root length.  

 

 

Figure 4. 6 The correlation between early shoot and root growth and Zn concentration of eight 

wheat seed accessions with varying Zn concentrations. 

 

The results of a study by Ozturk et al. (2006) showed that Zn is highly mobile both 

in vegetative tissues and in germinating seeds and there was a large accumulation of 

Zn in the newly developing coleoptile and radicle, suggesting that Zn is required in the 

actively growing plant parts. Nawaz et al. (2015) showed that Zn is a constituent of the 

carbonic enzyme that i s  present in all photosynthetic tissues and plays a role in 

chlorophyll biosynthesis.  
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4.4 Conclusion  

Seed age has a marked effect on germination and the early wheat establishment 

stage. It can be concluded that Zn did not play a clear role in slowing down seed 

deterioration under extreme storage conditions. Accessions were one year apart with 

optimal germination from 1-year old accessions. Seeds lose vigour over time, and this 

could be during natural ageing or artificial ageing. A decrease in germination indicates 

that neither locality, age nor Zn concentration improved vigour.  
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Chapter 5 

The influence of different zinc concentrations on germination and 

emergence of wheat seeds when subjected to varying sowing 

depths 

5.1 Introduction 

Many agricultural crops the begin with the sowing of a seed to establish a new plant 

in the field (Finch-Savage and Bessel 2016). Placement of seeds at depths greater 

than 2.5 cm has shown to result to slower emergence (Yagmur and Kaydan 2008). 

Key component of the performance of crop seeds is the complex trait of seed vigour. 

Seed quality includes readily measurable characteristics such as viability, seed lot 

purity, health, and mechanical damage, but a more important component is the trait of 

seed vigour (Finch-Savage and Bessel 2016).  

The coleoptile is a leaf sheath that surrounds and protect the first true leaves as it 

grows the seed towards the surface (Yagmur and Kaydan 2008). Under optimal 

conditions seeds from different with different history and quality may show similar 

germination percentages (Finch-Savage and Bessel 2016). However, these same 

seeds under more stressful conditions in the field, may have vastly contrasting abilities 

to germinate and establish plants due to differences in their vigour (Finch-Savage and 

Bessel 2016). The impact of seed vigour is seen during seedling establishment in 

variable seedbed environments (Finch-Savage and Bassel 2015). Sowing wheat with 

longer coleoptile at 9 cm has been reported by Yagmur and Kaydan (2008) to be 

associated with less vigorous seedlings. About half of the cereal-growing areas in the 

world contain low levels of plant-available zinc (Zn) in the soil (Abdoli and Esfandiari 

2017), and the plants grown in such areas suffer from Zn deficiency stress and contain 

low levels of Zn in the grain (Ozturk et al. 2006). Cereals grown under deficient 

conditions produce seed with low Zn concentrations and content and when these are 

re-sown in a Zn-deficient soil, plants have poor seedling vigour and low yield at harvest 

(Genc et al. 2000). According to Ali et al. (2013), high Zn concentration in the seeds 
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may have a positive effect on seed germination and early seedling development by 

improving the tolerance of seedlings to different biotic and abiotic stress. 

Winter wheat grown in the low-precipitation dryland region must be able to emerge 

under stress conditions from deep sowing depths (Schillinger et al. 1998). Among the 

environmental conditions required for germination is an adequate supply of water, a 

suitable temperature range (Finch-Savage and Bessel 2015) and for some seeds, light 

(Kader 2005).  

Therefore, the main aim of this study was to compare the influence of different 

planting depths on wheat seeds with different seed Zn concentrations. We 

hypothesised that wheat seeds with a higher seed Zn concentration would 

germinate, establish, and show stronger development under sub-optimal conditions 

such as deep sowing depths than those with a lower seed Zn concentration. 

5.2 Material and Methods 

5.2.1 Experimental site 

This experiment was conducted at Welgevallen experimental farm, under glasshouse 

conditions. The temperature of the glasshouse was set to 20/25 ºC night/day. 

5.2.2 Wheat seed accessions 

The wheat seed accessions used in these experiments were sourced from the 2018 

planting season from two different localities Roodebloem (34°22´ S, 19°52´ E; 117 m 

above sea level (masl)) and Langgewens (33°17´ S, 18°40´ E; 91 masl) respectively. 

Seeds were sourced from a foliar zinc application experiment and were selected to 

have a low and high zinc content from each locality. Table 5.1 gives an overview of 

the accessions and some characteristics of them. The seeds were stored in a cold 

room at 5 ºC until it was used in the experiment. 
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Table 5. 1: Origin of the seed accessions used in the study (accessions from the two localities 
with the same age and zinc content class (high or low) 

Accessions Localities Age Zinc concentration 
(mg kg-1)  

Seed mass(g) 

L1La Langgewens 1 14.3 2.44 

R1L Roodebloem 1 34.3 2.06 

L1H Langgewens 1 43.5 2.65 

R1H Roodebloem 1 51.3 2.03 
aFirst letter (L/R) represents the locality which an accession was sourced from. The number in the middle 

(1) represents age in years between accessions and H/L indicates zinc content class 

5.2.3 Experimental procedure 

The total of 2400 seeds were counted from all four different accessions, L1L, R1L, 

L1H and R1H respectively each with 600 seeds. The plastic planting pots (3L) were 

filled with river sand up to 6 different sowing depths; 1 cm, 2 cm, 4 cm, 6 cm, 8 cm, 

and 10 cm that were marked from the top of the pot with a ruler and pencil. All the pots 

were irrigated to full capacity and drained before a total of 25 seeds per pot were sown 

at the different depths. All pots were then filled up with river sand to cover the seeds 

sown at all different depths. Twenty-four different treatment combinations were thus 

present in this experiment, arranged as a 4x6 factorial Completely Randomized 

Design (CRD), with main factors four wheat accessions and six sowing depths, each 

being replicated four times. The pots were watered daily by hand.  

5.2.4 Data collection 

The number of seedlings that emerged were recorded daily and the experiment was 

discontinued when no further seedling emergence was recorded on three consecutive 

days. A seedling with coleoptile protruding 1 mm above the soil surface was 

considered as emerged. After discontinuation of the experiment, the soil of each pot 

was then carefully sieved to determine the number of germinated seeds that did not 

emerge. Seeds with a 1 mm radicle protrusion from the embryo was considered as a 

germinated seed. For germination percentage, the number of emerged seeds was 

combined with the number of germinated seeds. All this data was expressed as 

emergence percentage, emergence rate and percentage germination.   
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Germination percentage was calculated for each replicate by using the following 

equation:  

𝐺𝑃 (%) = 𝑔/ 25 ∗ 100 

 where g is the number of germinated seeds and 25 the total number of seeds used 

per replicate (El-Shaieny 2015). The same mathematical formula used to determine 

germination percentage was used to determine emergence percentage. The 

emergence rate (ER) for each replicate was calculated by using a similar equation as 

was used for germination rate in Chapter 3:  

𝐺𝑅 = ∑
𝑛𝑖

𝐷𝑖.𝑛𝑖

𝑘
𝑖=1  x 100 

where k = final day, Di = day of recording, ni = number of seeds emerged on day Di 

and i = day 1 to day k (Pieterse and Cairns 1986). 

5.2.5 Data Analysis 

The STATISCA 15.5 program (TIBCO 2019) was used to conduct analysis of variance. 

Means of significance and interactions were separated using Fischer’s least 

significance (LSD) test at 5% level of significance. Two-way ANOVA was used to 

analyse interaction between the two factors (wheat accession and sowing depth). 
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5.4 Results and discussion 

5.4.1 Germination percentage  
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Figure 5.1: The germination percentage over all sowing depths for the four different wheat 
accessions with varying Zn concentrations. Values that differ at p=0.05 are indicated with 
different letters. Vertical bars indicate 95% confidence intervals.  

There were no significant interactions (p>0.05) between seed accessions and sowing 

depth in terms of germination percentage. However significant (p<0.05) differences 

occurred within the main factors of wheat accessions and sowing depth.  There were 

no significant differences between accessions R1L and R1H and they were both 

significantly different to accessions L1L and L1H, which did not differ significantly from 

each other (Figure 5.1). The highest germination was achieved by accessions from 

Roodebloem, namely R1L and R1H (>90%) (Table 5.1). Lower germination 

percentages (<75%) were observed from both accessions from Langgewens.  Despite 

accession L1H having 3-fold higher seed Zn content than Accession L1L (Table 5.1), 

it did not perform better in terms of germination percentage. The same trend was 

observed in the Roodebloem accessions where accession R1H had 33% higher Zn 
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concentration than accession R1L (Table 5.1), but germination performance was 

similar.   

Sowing depth had a significant (p<0.05) effect on germination (Figure 5.2). After a 

significant decrease in seed germination percentage from sowing depths of 1 and 2 

cm to 4 cm, a marginal increase in germination with an increase of soil depth up to 10 

cm sowing depth was observed, which had statistically similar germinating 

percentages (>80%) compared to all other sowing depths. The highest germination 

was observed from 1 and 2 cm depths, respectively with germination percentages 

more than 84%. The lowest germination percentages were observed at 4 and 6 cm 

with values lower than 77%. 
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Figure 5.2: The mean germination percentage of all four different wheat accessions with 
varying Zn concentrations at different sowing depths. Values that differ at p=0.05 are indicated 
with different letters. Vertical bars indicate 95% confidence intervals.   

 

 

Stellenbosch University https://scholar.sun.ac.za



 

85 

 

5.4.2 Emergence rate 

There was no significant interaction (p>0.05) between the wheat accessions and 

sowing depth in terms of emergence rate. In addition, germination rate was unaffected 

regardless of accessions (data not shown). However, a significant decrease of 

emergence rate with the changes in sowing depth was observed (Figure 5.3). The 

emergence rates at the 6 to 10 cm sowing depths were very low due to almost no 

seedlings emerging from those sowing depths (Figure 5.5). 
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Figure 5.3 The mean emergence rate of the four wheat accessions at six different sowing 
depths. Values that differ at p=0.05 are indicated with different letters. Vertical bars indicate 
95% confidence intervals. 

5.4.3 Emergence percentage 

No significant interaction between the wheat accessions and sowing depth occurred 

in terms of emergence percentage (p>0.05). The different wheat accessions 

significantly influenced the emergence percentage (Figure 5.4). The highest 

emergence percentage was observed from accession R1H with the highest seed Zn 

concentration of 51.3 mg kg-1 but it was not significantly different from Accession R1L.  

Only Accession R1H was significantly different to Accessions L1L and L1H. The 

highest emergence percentage was achieved by accessions (R1L and R1H) from 

Roodebloem and the accessions from Langgewens (L1L and L1H) which showed the 
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lowest emergence percentages. The accessions from Roodebloem did not necessarily 

have higher Zn concentrations and the seed mass masss were also considerably 

lower than those accessions from Langgewens. The reason why the Roodebloem 

accessions performed better than the Langgewens accessions, a fact also observed 

in Chapters 3 and 4, is probably due to some unknown seed characteristics that was 

not described. 
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Figure 5.4: The emergence percentage of four different wheat accessions with varying Zn 
concentrations over all sowing depths. Values that differ at p=0.05 are indicated with different 
letters. Vertical bars indicate 95% confidence intervals.  

Sowing depth significantly decreased the emergence percentage of the wheat 

accessions (Figure 5.5). The negative effect of deep sowing depth was reported by 

Nabi et al. (2011) who found that seedling emergence was decreased with increased 

sowing depth in cotton. The deeper the seed is sown the more strength it needs to 

push its shoots above the soil surface. It appeared as if sowing depths of deeper than 

2 cm are detrimental to wheat emergence with a sowing depth of 1 cm being the 

optimal sowing depth.  
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Figure 5.5: The mean emergence percentage of four wheat accessions at six sowing depths. 
Values that differ at p=0.05 are indicated with different letters. Vertical bars indicate 95% 
confidence intervals. 

5.4.4 Plant height 

Plant height was significantly (p<0.05) affected by the interaction between the wheat 

accessions and sowing depth. Unfortunately, we could not get data for sowing depths 

of 4 to 10 cm because of poor emergence. There is no obvious trend between 1 cm 

and 2 cm sowing depth and wheat accessions with reference to plant height (Figure 

5.6). However, it appeared as if high Zn concentrations from both localities performed 

better at 1 cm depth than at 2 cm depth. For instance, at 1 cm plant heights of L1H 

were more pronounced, in comparison to R1H taller than next accession, namely R1H. 

At 2 cm depth, only the accessions with low seed zinc concentrations, namely L1L and 

R1L respectively, had taller plants. 

 Seed Zn concentration did not play a clear role in the growth of the seedlings.  The 

accession with the lowest Zn concentration, namely L1L (Table 5.1) showed similar 

growth at the two sowing depths, whereas the accession with the highest Zn 
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concentration, R1H (Table 5.1), had a significantly lower plant height at 2 cm sowing 

depth compared to 1 cm sowing depth. Thus, it appears as if Zn concentration also 

did not play an important role in this aspect of seed and seedling vigour. 
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Figure 5.6: Plant height of seedlings from four wheat accessions from two localities 

illustrating interaction between sowing depths and wheat accessions in a glasshouse 
experiment. Different letters denote means which differed significantly at p ≤ 0.05 as per 

Fishers LSD. Vertical bars indicate 0.95 confidence intervals. 

The ability of soils to keep moisture at shallow depths may describe the rise of 

germination percentages at 6, 8 and10 cm, respectively (Mohan et al. 2013). Deeper 

sowing may enhance germination and establishment because of higher water content 

in the seeding zone (Mohan et al. 2013). Yilmaz et al. (1998) reports that higher seed 

Zn content had a significant effect on plant growth. Later, Cakmak (2008) determined 

that higher zinc concentrations in the seeds of wheat can lead to improved seed 

viability and seedling vigour. In this study, we could find no evidence that seed Zn 
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concentration improved either seed germination, seedling emergence or seedling 

height. 

In some low-precipitation zones, wheat is planted deeper to reach adequate soil 

moisture for germination (Mohan et al. 2013). In this study, sowing wheat seeds 

deeper reduced germination and emergence percentage irrespective of differences in 

seed Zn concentrations. There was an overall agreement that the emergence 

inhibition increases proportionally with the depth of seed burial in the soil (Andrews et 

al. 1991; Benvenuti et al.2001; Keshtkar et al. 2009; Chima et al. 2017). A similar study 

investigating the establishment of wheat at various depths, was done by Mahdi et al. 

(1998) who reported that deeper sowing is disadvantageous. 

An inspection of the soil showed that most of the seeds that were exposed to this 

treatment had germinated but had failed to reach the soil surface. Similarly, in a 

previous study by Mohan et al. (2013), variation for seedling emergence from deep 

planting was high with some lines showing some emergence as early as 7 days after 

planting and four lines with no emergence even at 21 days after planting. Thus, the 

failure in emergence was not related to germination failure but to a slow and low 

emergence rate. There was no effect of seed Zn concentration on establishment rate. 

It was concluded that seeds take more time to emerge from deeper planting depths 

(Yagmur and Kaydan 2008). The soil depth of 4 cm had the lowest germination and 

establishment percentage, and we did not find any emergence from 6 to 10 cm depth, 

irrespective of changes in germination percentage at deeper depths (Figure 5.2). 

Indeed, in a study by Keshtkar et al. (2009) none of the species emerged from a 

sowing depth of 6 cm at 25/20°C. We can conclude that seeds planted deeper did not 

fail to germinate but the effect of planting depth was more significant on seedling 

emergence. 

If the length of the coleoptile is less than the depth of planting, emergence will 

become difficult (Yagmur and Kaydan 2009). This could also explain why we suddenly 

saw no emergence at 6 cm depth, suggesting that more time is required for successful 

establishment. Factors such as temperature, oxygen, seed quality and moisture have 

been reported to affect germination and emergence (Brenmer et al. 1963; Nyachiro et 

al. 2002). We expected some temperature, oxygen and soil moisture differences as 
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soil depth increases and one of these factors may have influenced the germination 

and emergence percentage. Brenmer et al (1963) suggested that low air availability in 

deeper soil layers results in low germination rate. Evidently, is the soil seedbed is a 

complex environment in which seeds and seedlings are exposed to multiple stresses 

(Finch-Savage and Bessel 2015). 

Due to poor emergence at deeper sowing depths, we could not carry out plant 

height measurements for those planting depths. It is possible that the experiment could 

have been discontinued too early. Therefore, we propose that when doing an 

experiment like this, the number of days until discontinuation of the experiment should 

be extended to observe if emergence will be successful. Although plant heights were 

influenced by the interaction between seed Zn concentration and sowing depth, no 

clear trends could be determined (Figure 5.6).  

5.5 Conclusion  

The null hypothesis states that increased zinc content in wheat grains through 

biofortification, will not have any significant influence on seed quality, germination, 

and vigour. Evident show that Zn application during seed formation that result in 

higher seed Zn concentrations, did not improve seed vigour and seedling growth at 

different sowing. Instead, locality seem to have a significant effect on germination 

and emergence of wheat. The potential of using Zn-biofortified seeds still need to be 

investigated further because some of the accessions which had low zinc content 

managed to perform similarly to high Zn content accessions. Increasing sowing depth 

had a negative effect on germination and emergence of wheat. In future research on 

these aspects, we propose that a wider range of seed Zn concentrations be used, in 

particular very low concentrations, and that the trials should run longer, to allow 

possible slow germinators and growers ample time to emerge. 
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Chapter 6 

The effect of seed zinc level on vegetative growth and yield of 

wheat seeds that have been biofortified to improve seed vigour 

6.1 Introduction 

Among all cereal crops, wheat (Triticum aestivum L.) is one of the most important and 

basic staple foods for most of the population (Shaheen et al. 2007). Higher wheat 

productivity is required for meeting the demands of the increasing population (Hassan 

et al. 2019). Among aspects related to production of wheat, choice of cultivar, type of 

cultivation and climate, and type of fertilization deserve particular care (Rufino et al. 

2013) because most of the soils are nutrient deficient. Worldwide, millions of hectares 

of soils on which cereals are grown are zinc (Zn) deficient (Genc et al. 2000).  The 

incidence of Zn deficiency in soils is becoming more important due to its impact on 

human health (Mohsin et at. 2014). Zinc is a significant micronutrient required for 

normal growth and development of both humans and plants (Hassan et al. 2019). 

According to Bergmann (1992) Zn deficiency can cause reduction in rate of plant 

growth, by limiting expansion of leaves; in addition to elongation of plant stems, and 

restriction of root growth which consequently determine reduction in yield. Due to the 

deficiency of Zn, plants show symptoms such as little leaf, mottle rosette, die-back, 

browning, yellowing, and brown spot (Shaheen et al. 2007). Thus, Zn reserves 

become important by preventing initial symptoms of deficiency (Rufino et al. 2013).  

Zinc fertilizers are widely used to enhance the yield and Zn content and quality of 

edible grains of different crops (Mohsin et al. 2014). Zinc has been found useful in 

improving yield and related components of wheat (Khan et al. 2008). Biofortification is 

a process in which micronutrient concentrations are increased in crops especially in 

the edible parts (Hassan et al. 2019). Biofortification may be achieved through 

agronomic practices and genetic approaches (Cakmak 2008). In agronomic 

biofortification micronutrients are applied to the plant through seed, foliar and soil 

application during its development and growth whereas in genetic method breeding, 

procedures are utilized to change the hereditary makeup of a plant (Javed et al. 2020). 
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Agronomic biofortification is an economical and environmentally friendly technique for 

grain enrichment with micronutrients (Hassan et al. 2019). 

Seed nutrient reserves play an important role during early growth, especially when 

seeds are sown in deficient soils (Genc et al. 2000). Cereals grown under deficient 

conditions generally produce seeds with low Zn concentration and content (Graham 

et al. 1992) and when these are resown in a Zn deficient soil, plants have poor seedling 

vigour and ultimately low yield at harvest (Genc et al.  2000). A study by Cakmak 

(2009) determined that higher Zn concentrations in the seeds of wheat can lead to 

improved seed viability and seedling vigour.  

The aim of this study was to test if seeds that have been Zn biofortified, will a) 

improve field emergence and early growth establishment under sub-optimal conditions 

(in a field experiment) and b) have positive effects on vegetative growth stages 

(tillering and anthesis) and yield and quality parameters. 

6.2 Materials and Method 

6.2.1. Experimental site 

The first experiment was conducted in 2018 in the Western Cape Province of South 

Africa at Langgewens and Roodebloem farms. Both farms are within the 

Mediterranean climate, which is characterised by hot dry summers and cool, but not 

freezing, wet winters (Lionello et al. 2006). Langgewens (33°17´ S, 18°40´ E; 91 m 

above sea level (masl)) is situated in the Swartland region close to the towns of 

Malmesbuy and Moorreesburg. This region receives an average annual rainfall of 

approximately 400 mm. The Western Cape Department of Agriculture (2015) states 

that the Swartland receives up to 80% of its total rainfall during the winter months. 

Roodebloem (34°22´ S, 19°52´ E; 117masl) is located in the Overberg/Southern 

Cape region just outside the town of Caledon. Annual rainfall distribution differs 

between the two regions.  The Roodebloem region receives both summer and winter 

rainfall with an average annual rainfall of 450 mm of which 68% occurs between April 

and October. The soils of these farms are very similar and can be described as rocky 

and shallow sandy loam soils (Coetzee 2017).    
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6.2.2 Wheat seed accessions 

The wheat seed accessions used in these experiments were sourced from the 2017 

planting season from two different localities, namely Langgewens and Roodebloem. 

Seeds were sourced from a foliar Zn application experiment and were selected to have 

a low and high Zn content from each locality. Table 6.1 gives an overview of the 

accessions and some characteristics of them. The seeds were stored in a cold room 

at 5 ºC before planting. 

Table 6. 1: Origin of the seed accessions used in the study (accessions from the two localities 
with the same age and different classes in seed Zn content (high/low)) 

Accessions Localities Age (year) Zn concentration  
(mg kg-1) 

Seed mass (g) 

aL1L Langgewens 1 32.5 2.23 

R1L Roodebloem 1 32.7 2.15 

L1H Langgewens 1 70.8 1.75 

R1H Roodebloem 1 72.7 1.93 

aFirst letter (L/R) represents the locality which an accession was sourced from, the number in 

the middle (1) represents age in years between accessions and H/L indicates zinc content 

class 

 

6.2.3 Experimental layout 

A completely randomized block design was used to plant a total of six blocks, each 

comprising of four plots with a width of 1.5 m and a length of 9 m, resulting in an area 

of 13.5 m2 per block. A total of 24 plots were thus planted per farm, four of the plots 

in each block were randomly selected and planted with each accession. 

6.2.4 Field preparation and planting 

A conventional tillage method was used to plough the soil where after a small plot 

planter was used to plant the seeds on 4 May 2018 and 15 May 2018 at Langgewens 

and Roodebloem, respectively. A planting density of 80 kg ha-1 was used with a row 

spacing of 0.3 m. During planting, 40 kg of nitrogen (N) and 60 kg during the tillering 

stage, was broadcasted. 
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6.2.5 Data collection 

Plant populations were determined by counting the number of plants in a random one-

meter row and converting it to plants per square meter. Nine random one-meter rows 

were counted per plot for each trial to determine the mean plants per square meter 

(plants m-2) for each plot. 

The conversion from plants per meter (plants m-1) to plants per square meter (plants 

m-2) was done by means of the following equation as described by the GRDC (2018): 

𝑃𝑙𝑎𝑛𝑡𝑠 𝑚−2 =
𝑝𝑙𝑎𝑛𝑡𝑠 𝑚−1

𝑃𝑙𝑎𝑛𝑡𝑒𝑑 𝑟𝑜𝑤 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 (𝑚)
 

 

where: 𝑃𝑙𝑎𝑛𝑡𝑒𝑑 𝑟𝑜𝑤 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 (𝑚) = 0.3 

The following parameters were measured during tillering (four weeks after field 

count) and anthesis growth stages.  

A total of fifteen plants were sampled randomly from each plot and put in plastic 

bags separately to be analyzed at the Welgevallen experimental farm.   

Each plant was inspected separately for the parameters below: 

• Plant height: the root system was clipped off and a ruler was used to measure 

the height from the stem base to the longest leaf tip. Data was recorded on an 

Excel spreadsheet. 

• Number of tillers: seedlings were randomly sampled and labelled, the number 

of tillers per plant (m-2) were then calculated and recorded. 

• Number of leaves and leaf area: All the leaves were clipped off from the tillers 

and totals were recorded and the leaves were put through a Licor (Li-3100 area 

meter) leaf area machine.  

• Dry matter: Each plant was put in a brown paper bag and labeled separately 

and left in the industrial oven running at a constant temperature of 60 0C for 

three days and then weighed by making use of a three-decimal scale (Mettler 

PC 440).   

 

6.2.5.1 During anthesis stage 

Stem lengths were recorded from the base of the tallest tiller to the point where the 

head start. Each plant was then placed into a separate brown paper bag and dried in 
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an industrial drying oven for three days at a constant temperature of 60 0C. The dry 

mass of each plant was recorded by making use of a scale. The rest of the parameters 

were measured the same way as during the tillering stage.   

6.2.5.2 At harvest 

Harvesting occurred on 22 October 2018 and 12 November 2018 at Langgewens and 

Roodebloem, respectively. A small plot harvester was used during the harvesting of 

the trials at Roodebloem and Langgewens. The yield of each plot (replicate) was 

collected separately. The seeds of each replicate were cleaned by using a seed 

cleaning machine. Yield mass was determined by weighing each replicate individually 

where-after yield in tons per hectare was calculated. Quality parameters were 

measured as follows: 

• Thousand Kernel Mass (TKM) - The TKM was determined for each sample by 

counting 500 kernels with a Numigral seed counter, weighing it and multiplying 

the mass by two. 

• Hectolitre Mass - Hectolitre mass was determined according to the AACC 

Method 55-10 (American Association of Cereal Chemists 2000). 

• Protein content - Grain protein content was determined using the Near-Infrared 

Reflectance method for protein in wheat flour using the AACC Method 39-11 

(AACC 2000a) at Welgevallen Experimental Farm of the University of 

Stellenbosch, Stellenbosch, South Africa. 

6.2.6 Data analysis 

All data was analyzed by making use of Statistica 13 (TIBCO 2019) and Microsoft 

Excel. All data was initially recorded in Excel. Various one-way ANOVA tests were 

used to determine if there were any significant differences between different 

treatments. All the parameters with p-values smaller than 0.05 were considered to 

differ significantly between different treatments. Where p-values were smaller than 

0.05, differences between treatments were investigated by means of Fisher’s LSD 

post hoc test. 
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6.3  Results and Discussion  

6.3.1  Field emergence  

In our study, the best uniform stand establishment was observed at Roodebloem. Less 

variation between the accessions suggest that seed zinc content did not have a major 

effect on field emergence. There was no significant (p>0.05) influence on field 

emergence by different seed Zn concentrations in the different accessions planted at 

Roodebloem with plant density ranging from 83 - 91 seedlings m-2 (Table 6.2). It can 

also be assumed that germination was similar for all accessions because Table 6.2 

show the average number of plants that emerged. Initial crop establishment is one of 

the major constraints to wheat production in some environments and can be assessed 

in terms of the number of plants or tillers per unit area (Mahdi et al. 1998). 

Furthermore, Afzal et al (2016), reported plant uniformity as an expression of high 

seed quality achieved by high vigour of the seeds. However, no results from either 

Roodebloem or Langgewens agree with the findings of Hassan et al. (2019), where 

biofortification of Zn appeared to increase the number of seedlings, which 

consequently resulted in good stand establishment. We did not find any significant 

trend associated with different levels of seed zinc influence on vigour of seeds planted 

in both localities  

Table 6. 2: Field emergence of four wheat accessions with different seed Zn concentrations 
in terms of average number of plants emerged per row meter and plant density at Langgewens 
and Roodebloem  

Average plants m-1   Plant density m-2 
Accessions Roodebloem Langgewens Roodebloem Langgewens 

L1L 25a 19b 83.3a 63.6b 

R1L 27a 23a 90a 76.7a 

L1H 25a 21ab 83.3a 70ab 

R1H 27.5a 24a 91.7a 80a 

Values followed by different letters in a column differ statistically at p = 0.05. 

 

Previously, Yilmaz et al. (1998) reported that wheat seedlings that emerged from 

high-Zn seeds in Zn-deficient soils under rainfed conditions were better in vigour, led 

to a higher plant population, and resulted in higher yield. Although soil properties at 

both localities were not investigated it has been reported to play a significant role in 
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plant development and that the subsoil constraints affect grain yield of wheat 

(McDonald et al. 2013). For instance, Cakmak et al. (1996) reported soils containing 

less than 0.5 mg kg-1 DTPA-extractable Zn are generally considered to be Zn-deficient.  

Therefore, it is suspected that benefits of using Zn-biofortified seeds varies with 

location and can mostly be observed under Zn deficient soils. All four accessions 

seemed to have substantial seed Zn concentrations. Alternatively, results were 

different at Langgewens since significant (p < 0.05) differences in field emergence 

were observed. Despite the significant variations, the stand establishment was still 

poor when compared to Roodebloem with plant density ranging from 63-80 plants m-

2, yet the average rainfall was higher during May and June. The importance of 

sufficient soil water during germination has been well documented especially under 

rainfed environments. However, it is not rainfall per se which is important for seedling 

growth, but soil water. For example, relatively small rainfall events, however 

numerous, have little impact on soil water due to evaporation (Mahdi et al. 1998).  

It seems like germination was also very poor because none of the accessions 

managed to match at least the lowest average plants per meter that have emerged at 

Roodebloem. In fact, L1L had germination, which was significantly less, and this 

translated in the number of seedlings that emerged. Table 6.2 shows poor plant 

density obtained from L1L. Thus, seeds with low Zn content show poor seedling vigour 

and seedling establishment (Ozturk et al. 2006) because L1L had the lowest seed Zn 

concentration. Overall, only 19 plants m-1 on average managed to successfully 

germinate. In conclusion, L1L had the lowest plant density at both localities.  

Similarly, Hassan et al (2019) investigated the effect of Zn-biofortified seeds of 

wheat in six countries. They reported low-Zn seeds without soil Zn fertilization did not 

improve germination and wheat plant density. It’s obvious now that the performance 

of the wheat seeds varies with environment as we observed poor plant densities at 

Langgewens. Interestingly, L1L had the lowest seed zinc concentration and was 

sourced from Langgewens (Table 6.1) yet we still observed the biggest decrease 

(20%) in plant density at Langgewens as compared to Roodebloem. According to 

Graham and Welch (1996), low amounts of micronutrients in seeds has detrimental 

effects on seed vigour and seedling development. The plant density decreased at 
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Langgewens for all accessions as mentioned above, which could also be due to 

environmental and soil differences.  

High Zn concentrations in seeds appear to be critically important in the protection 

of germinating seeds under different growing environments. It seems that when the 

seed Zn concentrations increase from L1L and R1L to L1H and R1H respectively, a 

decrease in differences of plant density between the two localities is observed. 

Likewise, R1H had the highest Zn concentration, which could explain less differences 

with reference to changes in locality. For instance, R1H was sourced from 

Roodebloem and when it was planted, it obtained densities of 91.7 and 80 seedlings 

m-2 at Roodebloem and Langgewens, respectively, with the differences in plant density 

of less than 13%. It appears that zinc provides additional benefits beyond its basic 

nutritional effects under a stressful environment.  

Zinc is an essential micronutrient which is reported to also have a protective effect 

against biotic and abiotic stress and improves crop establishment under stressful 

environments (Cakmak 2008; Hassan et al. 2019) and confirms the results observed 

in this study. Seed priming with Zn improved the germination and stand establishment 

in wheat (Rehman et al. 2015). It is evident that Zn play a key role in many 

physiological processes during seed germination and early seedling growth.  

Nevertheless, the results of a study by Ozturk et al. (2006) showed that Zn is highly 

mobile, both in germinating seeds and vegetative tissues. Finally, Zulfiqar et al. (2020) 

reported that foliar and soil applied Zn improved Zn bioavailability, with better 

germination, and resulted in uniform crop establishment even under sub-optimal 

conditions. This was quite evident at Roodebloem. Table 6.5 shows the average 

rainfall for both localities during germination and early development, with Roodebloem 

receiving better rainfall (May and June) compared to Langgewens. Apart from nutrient 

and mineral reserves, Soltani et al. (2008), claimed that among environmental 

conditions required for germination, an adequate supply of water is essential. Seed 

germination requires a sufficient quantity of promptly available Zn to facilitate better 

root growth as Zn seed priming enhanced the ratio of cell division, which led to higher 

germination rate and better stand establishment (Zulfiqar et al. 2020).  
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Improvement in seedling emergence may be due to the involvement of Zn in several 

critical cellular functions that was reported by Shaheen et al. (2007) and Hassan et al. 

(2019). This includes structural and function integrity of bio-membranes, gene 

expression, auxin metabolism and carbon metabolism. It seems like the accession 

origin, locality, and seed zinc concentration, in that order, influenced seed 

performance, because L1L and L1H had a similar plant density at Roodebloem (Table 

6.2) regardless of the differences in their zinc concentrations, although L1H had higher 

seed Zn content. On the contrary, L1H had 21 emerged seedlings (m-1) which were 

not significantly different to R1L and R1H. Overall, differences in plant densities were 

quite visible at Langgewens. In addition, we also observed a similar trend between 

R1L and R1H. Table 6.1 shows the origin of all accessions, for instance both L1L and 

L1H was sourced from the same locality. This seems to have an effect in this study. A 

good example is the observation that L1L and L1H, both with 25 seedlings (m-1), only 

had source of origin and possibly cultivation methods, in common.  

It can be concluded that the effect of zinc in wheat seeds was masked by the origin 

of the accessions and locality together with the environment which seeds are planted 

under. This would have had some influence on the germination percentage with of 

course Zn playing a significant role during germination. According to Abdoli and 

Esfandiari (2017) Zn content in wheat seeds is crucial during germination. It has 

also been proposed that the interactions between different nutrients within plants and 

in the soil where they are cultivated are of great importance for successful germination 

and growth and it has a direct effect on plant quality and yield (Zulfiqar et al. (2020). 

Globally most cereals are grown in soils that are zinc deficient. Therefore, Zn limitation 

represents a serious problem in certain types of soil (Cakmak 2008). 

6.3.2 Early seedling growth stage  

6.3.2.1 Plant height at tillering 

The accessions with varying seed Zn concentrations did not have a significant (p > 

0.05) effect on wheat plant height during early growth stages (tillering stage) at 

Roodebloem (Data not shown). The means of the plant height ranged from 24 - 26 

cm. This is not surprising because according to Table 6.2 the field emergence was the 

same for all accessions regardless of their varying seed Zn concentrations. Previous 

studies have reported zinc biofortified seeds did not produce seedlings with better 
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plant height when assessed at the tenth day after emergence (Rufino et al. 2013). 

Also, Shaheen et al. (2007) reported that Zn treatments (0 and 10 ppm) had no 

significant effect on wheat height during early seedling growth. However, we observed 

a different trend at Langgewens with significant (p<0.05) variations in plant height 

between all four accessions.  
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Figure 6.1: The plant height (cm) of four different wheat accessions with varying Zn 
concentrations at tillering growth stage in a field experiment at Langgewens experimental 
farm. Values that differ at p=0.05 are indicated with different letters. Vertical bars indicate the 
95% confidence intervals. 

Figure 6.1 shows significant differences in plant heights, with L1L having 

significantly shorter plants. This was not surprising because we have already observed 

poor germination and plant density from both localities by this accession.  Due to better 

emergence achieved by R1L, L1H and R1H (Table 6.2), it was anticipated to translate 

into better plant height. However, the differences in seed zinc concentration between 

R1L and L1H did not translate into greater plant height. For instance, L1H contained 

>50% more seed Zn but had shorter plants, though variation was not significant 

between R1L and L1H (Figure 6.1). Mohsin et al (2017) reported no positive 

correlation (r=0.49) between maize plant height and grain Zn content. Accession R1H, 

had the highest seed Zn concentration, but the plant height was not significantly 

different to the rest of the accessions with average height of 35 cm. Results from this 

study clearly suggests that the benefits of high seed Zn may be sensitive to seed Zn 

efficiency. Genc et al. (2000) who claimed that the seed Zn content affects the value 
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of seed Zn efficiency. Nonetheless, an increase in wheat seed Zn concentrations has 

been associated with an increase in the vigour of wheat seedlings, which leads to 

secondary benefits for the seedling (Haslett et al. 2001).   

An overall better field emergence was observed at Roodebloem. Significant 

variations were only observed at Langgewens for both field emergence and plant 

height during the tillering growth stage (Table 6.2 and Fig 6.1). Accession L1L had the 

lowest seed Zn concentration of 32.5 mg kg-1. However, L1L from Langgewens and 

planted at Langgewens still managed to have taller plants than all four accessions 

planted at Roodebloem (24-26 cm). This was regardless of differences in seed Zn 

concentrations.  Higher rainfall could have also enhanced growth at Langgewens.  

This is not surprising because wheat seeds are only truly Zn deficient when the 

seeds have a Zn concentration of 22 mg kg-1 or less Cakmak et al. (2010) and none 

of our accessions contained less than 30 mg kg-1 Zn (Cakmak et al. 2010). Studies 

have reported that mineral Zn within the seeds improves viability, seedling vigour and 

plant health, leading to higher yields (Imran et al. 2017). 

6.3.2.2 Number of tillers and leaves 

Tillering is an important developmental stage that allows the plants to compensate 

under low plant populations or taking advantage of good growing conditions (Arif et al. 

2017). Accessions with different seed Zn concentrations had a significant influence on 

the number of tillers and number of leaves at Roodebloem and Langgewens. 

Accession L1L had the lowest seed Zn concentration, which appeared to cause poor 

germination at Langgewens, and that led to poor plant density. Consequently, plant 

height was also inferior, yet plants had significantly more tillers than the rest of the 

accessions regardless of low seed Zn concentration in both localities with 3 and 6.2 

tillers m-2 on average respectively. Poor germination would logically result in more 

space, nutrients and sun exposure to few seedlings that managed to emerge. Thus, 

compensating development of tillers took place as described by Arif et al. (2017). We 

observed a similar trend in number of tillers with different accessions in both localities 

and it seems like high seed Zn concentrations did not improve the number of tillers 

during early seedling growth stages (tillering). At Langgewens we observed about 
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double the number of tillers for each accession compared to Roodebloem. The number 

of leaves followed a similar trend to the number of tillers (Table 6.3).  

Table 6. 3: Comparison of four wheat accessions with different seed Zn 
concentrations in terms of number of tillers and leaves per plant at Langgewens and 
Roodebloem 

Number of Tillers   Number of Leaves 

Accessions Roodebloem Langgewens Differences  Roodebloem Langgewens Differences 

L1L 3a 6.2a 3.2  11a 17.5a 6.5 

R1L 2.5b 5.6b 3.1  9.25b 16.5b 7.25 

L1H 2.6ab 5.9ab 3.3  10 ab 16.8ab 6.8 

R1H 2.3b 5.3b 3  9b 13.5b 4.5 

Values with different letters in a column differ from each other at p = 0.05 

However, Zn is essential for tryptophan synthesis, which is a prerequisite for auxin 

formation and these hormones are important for leaf growth (Hassan et al. 2019), 

involved in chlorophyll biosynthesis (Genc et al. 2000), therefore the decrease in 

growth with increase in Zn content was unexpected. We can conclude that high seed 

Zn concentrations did not improve tiller number and number of leaves during early 

growth stages of wheat as we observed a marginal decrease in tiller number and 

number of leaves with the increase of seed Zn concentrations.  In addition, according 

to Moshatati and Gharineh (2012) seed mass has large effects in seed germination, 

seedling emergence and tillering establishment which could have slightly favored L1L 

and R1L in this case. Seed mass, which reflects seed size (Hampton 1981) seem to 

play a crucial role during early growth stages. All four accessions had different seed 

mass.  Hampton (1981) showed over two seasons that when equal seed numbers 

were sown, emergence from larger seeds than from small seed was higher. Therefore, 

we can assume that seed mass might have been beneficial during seedling and 

tillering stage, although this cannot be associated with high vigour (Hampton 1981).  

Seed nutrient reserves play an important role during early growth and can act as a 

‘starter fertilizer’. 

Table 6.1 shows seed mass for all accessions, and we can obviously see that high 

seed Zn accessions had smaller seed mass. Accession R1H had the highest seed Zn 

concentrations but disappointingly we observed significantly lower tiller and leaf 
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number. Also, locality where the plants grew seemed to mask the effect of seed Zn 

concentrations because despite the variation observed, Langgewens had higher tiller 

and leaf numbers overall. In this case, regarding the seed with lower Zn 

concentrations, L1L from Langgewens consistently produced significantly more tillers 

and leaves than R1L. Interesting, both L1L and R1L were considered as low Zn 

concentrations.  Marcar and Graham (1987) argued that seeds with similar nutrient 

content are required to make a sound comparison between genotypes in a routine 

screening.  

6.3.2.3 Leaf area and dry matter at tillering 

Accession L1L again had significantly greater leaf area than the rest of the accessions 

at Roodebloem (Table 6.4). At comparable seed Zn concentrations, L1L seems to be 

more Zn-efficient. This could explain the greater tiller number (m-2) and number of 

leaves in Table 6.3. Keeping in mind, the seed Zn concentrations of L1L and R1L were 

the least but the leaf area of R1L was statistically similar to L1H. In contrast to our 

results at Langgewens, Yilmaz et al. (1998) reported that the effect of seed Zn content 

on Zn concentration in wheat plants was not significant, which was attributed to the 

dilution effect caused by enhanced dry matter. This assumption is supported by the 

experiments done by Genc et al (2000) who showed that Zn concentrations of plants 

grown from low seed Zn had higher tillering numbers. Low stand establishment was 

visible at Langgewens due to poor field emergence. However, overall leaf area and 

dry matter was greater at Langgewens.  

Table 6.4: Comparison of four wheat accessions with different seed Zn concentrations 
in terms of leaf area and dry matter at Langgewens and Roodebloem  

Leaf Area Dry Matter 

Accessions Roodebloem Langgewens Differences Roodebloem Langgewens Differences 

L1L 67a 200b 133 0.22a 1.03a 0.81 

R1L 54b 245a 191 0.25a 1.08a 0.17 

L1H 54b 240ab 186 0.13a 1.08a 0.95 

R1H 57ab 130b 73 0.18a 0.86b 0.68 

Values with different letters in a column differ from each other at p = 0.05 

 

Stellenbosch University https://scholar.sun.ac.za



 

107 

 

It is inexplicable why Accession R1H that had the highest Zn content (Table 6.1) 

produced such a small number of leaves which may have affected results that was 

observed in leaf area at Langgewens. Only a proportion of the total Zn in leaf tissue 

may be physiologically active and much of it may be bound to cell walls (Youngdahl et 

al. 1977). Therefore, the intermediate variations we have observed between low and 

high Zn accessions could be due to differences in the pools of physiologically active 

Zn, for instance the ratio of physiological active Zn to total Zn may be similar between 

L1L and L1H. Also, similar behavior was observed between R1L and R1H (Tables 6.2; 

6.3; 6.4) yet R1H had more than double the Zn concentration. Zinc efficiency in wheat 

seeds seemed to be profound. In support of this result, Genc et al. (2000) reported 

that seed Zn efficiency decreases with increasing seed Zn content and Zn fertilization. 

Dry matter showed a decreasing trend with the increase of seed Zn concentrations at 

Roodebloem (Table 6.4), not surprising because Table 6.3 shows a decrease in 

number of tillers and leaves with an increase of seed Zn concentrations. However, 

differences were not significant (p > 0.05). At Langgewens, dry matter also decreased 

significantly, with increasing Zn content. Nonetheless, R1H was the only accession 

that had significantly lower dry matter. Hassan et al. (2019), claimed that higher 

concentration of seed Zn treatments such as seeds coated with 500 mg kg-1 Zn, 

decreased all growth parameters and, which could be ascribed to the excessive 

amount of Zn that might cause toxicity in plants. As a result, Zn toxicity reduces ATP 

synthesis and chloroplast activity, and photosynthesis will decline (Hassan et al. 2019) 

although Zn toxicity is quite rare. 

6.3.3 Anthesis stage 

During anthesis we did not observe any significant variations (p>0.05) in the plant 

height, number of tillers, number of leaves, leaf area index and dry matter production 

between different accessions at both localities (Data not shown). However, wheat 

plants at Langgewens in general performed much better without any significant 

influence of different Zn concentrations. For instance, plant height during anthesis 

was between 76-78 cm at Langgewens while it ranged from 65-69 cm at Roodebloem 

It seems like Zn improved germination, as was observed through variations in 

emergence and plant height during the early seedling growth stage (tillering) but it 
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did not positively promote the rest of the parameters. In agreement, some studies 

revealed that the effect of seed vigour would only be relevant in early growth stages 

of the crop (TeKrony and Egli 1991). It was not surprising to observe an overall 

greater plant height at Langgewens because L1L had the lowest height during the 

tillering stage (Figure 6.1), but it was still taller than any accessions at Roodebloem.  

The differences could be influenced by differences in climatic and geological 

orientation of both localities. It has been reported that Zn concentration in wheat grains 

is different among wheat cultivars and subject to the regulation of the environment and 

cultivation measures (Arif et al. 2017). Current results also indicate that at maturation, 

more uniformity was observed from Langgewens with a plant height average 

difference of 2 cm while at Roodebloem the variation was 2 times greater. The lack of 

significant differences in average number of plants emerged (m-1), plant density (Table 

6.2), leaf area and dry mass (Table 6.4), at Roodebloem might have been due to the 

fact all accessions had adequate nutrient compositions and that none of the seeds 

were deficient in any nutrients. 

6.3.4 Yield and quality components 

Due to unfortunate events, heavy winds were experienced at Langgewens just before 

the harvesting dates. This resulted in very poor yields due to wind loss in spite of the 

very good season and good vegetative growth of the wheat. The mean wheat yield 

(over all accessions) was 1.6 t ha-1 with no significant differences between the 

accessions. At Roodebloem despite having had a rainfall of 402 mm from April to May 

as opposed to 315 mm for the same period at Langgewens (Table 6.5), the yield was 

only 2.7 t ha-1, again with no significant differences between accessions.  At 

Roodebloem, different seed Zn concentrations did not significantly influence thousand 

kernel mass, hectolitre mass and protein content (Data not shown). However, the 

means were still lower when compared to Langgewens where for instance the HLM 

ranged from 377 - 383 g and protein content, from 11,6 - 11,8.   

Plants’ response to fertilization or micronutrient deficiency is greatly affected by 

seasonal changes in climatic conditions (Niyigaba et al. 2019). In this study, significant 

variation in hectolitre mass (g) and protein content in accessions with varying seed Zn 

concentrations was observed at Langgewens. Figure 6.2 shows no variation between 
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L1L and R1L in terms of HLM and that can be due to no differences in their seed Zn 

content (Table 6.1). Therefore, we can conclude that high seed Zn concentrations did 

not promote HLM as we observed HLM of less than 380 g. However, the trend we see 

in Figure 6.2 was the same at Roodebloem, but with no significant variations. 
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Figure 6.2: The hectolitre mass (g) of four different wheat accessions with varying Zn 

concentrations after harvest in a field experiment at Langgewens experimental farm. Values 
that differ at p=0.05 are indicated with different letters. Vertical bars indicate the 95% 
confidence intervals. 

 

Many factors influence HLM determinations of cereal grains. Some of the most 

important factors influencing HLM values are plant stress caused by diseases, insects, 

soil fertility and/or environmental conditions (e.g., drought, hail, and premature frost) 

(Rankin 2009). The HLM for accession L1H was significantly lower than any accession 

and overall high seed Zn did not promote HLM at both localities. The protein content 

was significantly affected due to the variation in seed Zn content. Figure 6.3 shows a 

significantly higher protein content after harvesting from accession R1H, followed by 

R1L. The effect of seed Zn seems to be masked by the locality, because overall both 

accessions from Roodebloem had greater protein content. Interestingly, accession 
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with low Zinc content from Roodebloem managed to obtain greater protein content 

than both accessions from Langgewens irrespective of differences in Zn levels (Table 

6.1).  

However, Table 6.4 shows L1H with relatively greater tiller and leaf number, leaf 

area, dry matter with significant taller plants which could be influenced by possible 

high seed Zn concentration. Thomason et al. (2009) reported that wheat plant with 

morphological features that enables them to use more of its energy to produce larger 

kernels is sought-after, as this would lead to higher protein and starch production. 
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Figure 6.3: The protein content of four different wheat accessions with varying Zn 

concentrations after harvest in a field experiment at Langgewens experimental farm. Values 
that differ at p=0.05 are indicated with different letters. Vertical bars indicate the 95% 
confidence intervals. 

 

The effect of seed Zn seemed to be more sensitive to origin of the accessions 

because both accessions from Roodebloem, (R1L and R1H) had better protein 

content despite of differences in Zn content. Also, accessions from Langgewens had 

a similar trend with L1H having a slightly better protein content compared to L1L, which 

had the lowest Zn content. However, R1H had significantly greater protein content 
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compared to the rest of the accessions. Therefore, we can suggest that high seed Zn 

content in seeds can improve protein content. 

The overall protein content was greater at Roodebloem although the average 

protein content was above 13 for all accessions. Nedel et al. (1996) reported that seed 

with a higher protein content had a significant positive effect on the number of seminal 

roots, coleoptile length, shoot length and root length. A large decrease in starch can 

result in a decrease in grain mass and a relatively large increase in grain protein 

content (Zhang et al. 2012). This explains the contrast in Figures 6.2 and 6.3; for 

instance, L1H had the lowest HLM at both localities but managed to have greater 

protein content. Zinc fertilizer together with high temperature stress generally 

increased protein content and yield of two wheat cultivars in a study by Zhi-qiang et 

al. (2018). 

Wheat production across the Western Cape province varies, yet the majority is 

rainfed and reliant on adequate rainfall for yield (Archer et al. 2019). For new plant 

emergence and establishment, it is preferable that precipitation occurs before the end 

of May, but imperative that rain falls before mid-June (Archer et al. 2019). Rainfall in 

September, when the plants are in their reproduction phase, is also critical, since 

without it, drought-induced stress is significant (Archer et al. 2019).  

Langgewens had lower total rainfall over the season than Roodebloem (Table 6.5). 

However, sufficient amounts of precipitation during the critical growth stage of tillering 

in May could have caused the vegetative advantage evident in the growth data and 

regular distribution of the rain during the rest of the season would have resulted in a 

very good yield that was unfortunately ruined by the strong winds just prior to 

harvesting. Sawan (2013) reported that any factor, environmental and/or abiotic can 

negatively affect seed vigour and viability during seed development. Roodebloem was 

not affected by the strong winds, and we believe that this is the reason for the much 

higher yields produced at Roodebloem.  

 

 

 

Stellenbosch University https://scholar.sun.ac.za



 

112 

 

Table 6. 5: Rainfall data (in mm) for the two localities from April to October 2018 

Locality April May June July August September October 

Roodebloem 30 29 93 83 80 66 21 

Langgewens 33 60 88 33 49 46 6 

 

The yields at Roodebloem were lower than expected (mean of 2.7 tons ha-1) and 

probably because of relatively long, cold spells and relatively low potential soils. At 

Langgewens yields were promising, but the very strong wind resulted in an estimated 

yield loss of about 60 – 70% and resulted in a low yield (mean of 1.6 tons ha-1). There 

were however no significant differences between any treatments at Langgewens (p = 

0.08) or Roodebloem (p = 0.22) in terms of grain yield. 

Table 6. 6: Mean wheat grain yield for all accessions from two different localities  

Locality Year Yield (ton ha-1) 

Roodebloem 2018 2.7  

Langgewens 2018 1.6 

 

6.4 Conclusion 

Zinc is an essential micro-nutrient that is needed in adequate concentrations in seeds. 

The benefits of high seed Zn content did not manifest as we expected, but none of 

these seeds were Zn deficient. Despite variation in seed Zn concentrations, both 

experiments at Langgewens and Roodebloem provided evidence that support the null 

hypothesis of the study. There is lack of evidence that Zn biofortified seeds are 

associated with improved vigour. The influence of Zn content on the kernels seemed 

to be masked by external factors such as the environment in which seeds were sown 

Furthermore, a high seed Zn content did not promote tiller number, number of leaves, 

leaf area or dry matter. The use of high Zn-biofortified seeds improved protein content 

at postharvest.  
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Chapter 7 

The effect of zinc level and age of biofortified wheat seeds on 

vegetative growth and yield 

7.1 Introduction 

Among aspects related to production of wheat, such as choice of cultivar, type of 

cultivation and climate; type of fertilization deserves exceptional care, mainly in 

relation to micronutrients (Ruffino et al. 2013). Among these nutrients, zinc (Zn) can 

be highlighted, and its deficiency can cause reduction in rate of plant growth, by limiting 

expansion of leaves; in addition to elongation of plant stems, and restriction of root 

growth (Ruffino et al. 2013) and consequently determining reduction in yield. Zinc is a 

micronutrient element; therefore, it is required for plant growth in smaller amounts 

(Shaheen et al. 2007).  

Plants deficient in zinc present evident symptoms, chiefly in the youngest parts of 

the plants (Ruffino et al. 2013). Deficiency of and response to Zn in wheat have been 

reported from various parts of the world (Shaheen et al. 2007; Cakmak and Kutman 

2018). To be efficient, seed treatment with Zn has a basic requirement: its 

translocation to the whole plant, thus, making Zn reserves more important (i.e 

preventing initial symptoms of deficiency) (Ruffino et al. 2013). Generally, Zn deficient 

plants display poor growth and interveinal leaf chlorosis and necrosis in lower leaves. 

Reddish or brownish spots often occur on the older leaves, and seed production is 

reduced strikingly, due to deficiency (Shaheen et al. 2007). Application of Zn on seeds 

influences germination and initial growth of seedlings, as well as favors physiological 

quality of seeds produced (Imran et al. 2017).  

Wheat grain Zn concentration ranges from 20 to 35 mg kg-1 (Cakmak and Kutman 

2018), but in soils with exceptionally low Zn solubility due to low organic matter, 

calcareousness and high pH, grain Zn concentration are even below 10 mg kg-1 

(Rashid et al. 2019). Low grain Zn concentrations has also adverse effects on its 

quality in terms of seed germination, seedling vigour and final yield (Cakmak 2008). 

Seed reserves are a primary source of nutrients during early seedling development 

and should be sufficient to support early growth, at least until the root system starts to 
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mediate nutrient uptake from the soil. Seed reserves of micro-nutrients are considered 

as ‘starter fertilizer’ and vital under soil conditions such as drought stress (Cakmak 

2008). Plants grown under low-Zn conditions produce seeds with low concentrations 

of Zn that, when sowed in Zn-deficient soil, will originate less vigourous seedlings that 

will be reflected in low yield at harvest (Ruffino et al. 2013). Seeds enriched with Zn 

are usually associated with better germination, more vigourous seedlings, and yield 

(Rashid et al 2019).  

It is obvious that enhancing seed Zn concentrations under field conditions is 

significant for improving agronomic performances of seeds in Zn-deficient and 

marginal soils (Rashid et al. 2019). There are several ways to apply Zn to crops. It is 

either soil or foliar applied, either in organic or inorganic form. Application of 

micronutrients by foliar spray is a highly effective method (Hassan et al. 2019). 

Seed priming is the most utilized strategy for realizing the effects of high-Zn seed 

on germination and seedling development, for example in maize (Imran et al. 2017) 

and wheat (Rehman et al. 2015). Very recently, Candan et al. (2018) used Zn-enriched 

(biofortified) durum wheat seeds, obtained by foliar sprays of Zn fertilizer to mother 

plants in fields and observed that Zn-biofortified seeds showed better germination and 

seedling development, both under low soil Zn supply and drought stress conditions 

(Rashid et al. 2019). Seed Zn enrichment can also be achieved by foliar Zn fertilization 

of mother plants (Cakmak 2008). Zinc seed treatments showed vigorous seedlings 

which improved morphological traits such as leaf emergence and elongation rate, 

number of leaves, tiller appearance rate, plant height, crop growth rate, leaf area index 

and specific leaf area in wheat cultivars (Hassan et al. 2019).  

According to Finch-Savage and Bassel (2015), vigour can be considered as the 

potential performance of viable seed in agricultural practice and is determined by 

complex interaction between genetic and environmental components. Vigour is not a 

singular measurable property, but a concept associated with aspects of seed 

germination and seedling growth, emergence ability of seeds under unfavorable 

conditions and performance after storage. It is known that wheat seeds like any other 

organisms undergo ageing (Tian et al. 2019) and under adverse storage conditions 

seed vigour can decrease drastically with the increase in storage time. Temperature 
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and moisture are the most influential external factors on seed quality deterioration 

(Tian et al. 2019). Under these conditions, seeds can experience changes in quality 

such as relaxed tissue structure, decreased nutrients and reduced enzymatic 

activities. These factors lead to physiological deterioration of the wheat embryo and 

reduced seed viability (Tian et al. 2019). Poor membrane structure and leaky cells are 

associated with deterioration and low seed vigour (Samarah and Al-Kofahi 2008). 

Seed ageing has been reported to be a major cause of lowering seed vigour in barley 

(Samarah and Al-Kofahi 2008).  

The aim of this study was to test the effect of age and seed quality of seeds that 

have been Zn biofortified through foliar spraying. We hypothesized that: 

a) High seed Zn content will improve field emergence and early growth establishment 

in a field experiment and b) will have positive effects on vegetative growth stages 

(tillering and anthesis) and yield and quality components. 

7.2 Materials and Method 

7.2.1. Experimental site 

This experiment was carried out in 2019 in the Western Cape Province of South Africa 

at Langgewens and Roodebloem farms. Both farms are located within the 

Mediterranean climatic zone, which is characterised by hot dry summers and cool, but 

not freezing, wet winters (Lionello et al. 2006). Langgewens (33°17´ S, 18°40´ E; 91 

m above sea level (masl)) is situated in the Swartland region close to the towns of 

Malmesbuy and Moorreesburg. This region receives an average annual rainfall of 400 

mm. Accordding to The Western Cape Department of Agriculture (2015) the Swartland 

region receives up to 80% of its total rainfall during the winter months. 

Roodebloem (34°22´ S, 19°52´ E; 117masl) is in the Overberg/southern Cape 

region just outside the town of Caledon. Annual rainfall distribution differs between the 

two regions. The Roodebloem region receives both summer and winter rainfall with an 

average annual rainfall of 450 mm of which 68% occurs between April and October. 

The soils of these farms are similar and can be described as rocky and shallow sandy 

loam soils (Coetzee 2017).  
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7.2.2 Wheat seed accessions 

The wheat seed accessions used in these experiments were sourced during the 2017 

and 2018 planting season from two different localities, namely Langgewens and 

Roodebloem. Seeds were sourced from a foliar Zn application experiment and were 

selected to have a low and high Zn content from each locality. Table 7.1 gives an 

overview of the accessions and some characteristics. The seeds were stored in a cold 

room at 5 ºC before use in the experiments. 

Table 7. 1: Origin of the seed accessions used in this study 

Accessions Localities Age (year) Zinc concentration 
(mg kg-1) 

Seed mass (g) 

 L1La Langgewens 1 14.3 2.44 
 L2L Langgewens 2 32.5 2.03 
 R2L Roodebloem 2 32.7 2.15 
 R1L Roodebloem 1 34.3 2.06 
 L1H Langgewens 1 43.5 2.65 
 R1H Roodebloem 1 51.3 2.03 
 L2H Langgewens 2 70.8 1.75 
 R2H Roodebloem 2 72.7 1.93 

aFirst letter (L/R) represents the locality which an accession was sourced from, the number 

in the middle (1/2) represents age in years between accessions and H/L indicates Zn 

content class 

7.2.3 Experimental layout 

A completely randomized block design was used to plant a total of four blocks. 

Each comprised of eight plots with a width of 1.5 m and a length of 3 m, resulting in 

an area of 4.5 m2 per block. A total of 32 plots were thus planted per farm, eight of 

the plots in each block were randomly selected and planted with each accession. 

 

7.2.4 Field preparation and planting 

A conventional tillage method was used to plough the soil where-after a small plot 

planter was used to plant the seeds on 29 April 2019 and 9 May 2019 on Langgewens 

and Roodebloem, respectively. A sowing density of 80 kg ha-1 was used with a row 

spacing of 0.3 m.  
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7.2.5 Data collection 

Three weeks after sowing plant populations were determined by randomly counting 

the number of plants in a one-meter row and converting it to plants per square meter. 

This was repeated 5 times per plot to determine the mean plants per square meter 

(plants m-2) for each plot. The conversion from plants per meter (plants m-1) to plants 

per square meter (plants m-2) was done by means of the following equation as 

described by the GRDC (2018): 

𝑃𝑙𝑎𝑛𝑡𝑠 𝑚−2 =
𝑝𝑙𝑎𝑛𝑡𝑠 𝑚−1

𝑃𝑙𝑎𝑛𝑡𝑒𝑑 𝑟𝑜𝑤 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 (𝑚)
 

where: 𝑃𝑙𝑎𝑛𝑡𝑒𝑑 𝑟𝑜𝑤 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 (𝑚) = 0.3  

The following parameters were measured during tillering (four weeks after field 

count) and anthesis growth stages.  

A total of five plants were sampled randomly from each plot and put in plastic bags 

separately to be analyzed at the Welgevallen experimental farm.   

Each plant was measured separately for the below parameters. 

• Plant height: the root system was clipped off and a ruler was used to measure 

the height from the stem base to the longest leaf tip. Data was recorded on an 

Excel spreadsheet. 

• Number of tillers: seedlings were randomly sampled and labelled, the number 

of tillers per plant were then calculated and recorded. 

• Number of leaves and leaf area: All the leaves were clipped off from the tillers 

and totals were recorded and the leaves were put through a Li-cor (Li-3100 

area meter) leaf area machine.  

• Dry matter: Each of the plants was put in brown paper bags and labeled 

separately and left in an industrial oven running at a constant temperature of 

60 0C for three days and mass determined by making use of a three-decimal 

scale (Mettler PC 440).  
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7.2.5.1 During anthesis stage 

Stem lengths were recorded from the base of the tallest tiller to the point where the 

head start. Each plant was then placed into a separate brown paper bag and dried in 

an industrial drying oven for three days at a constant temperature of 60 0C. The dry 

mass of each plant was recorded by making use of a scale. During anthesis and after 

counting tiller number (m-2), the number of reproductive tillers was recorded as spike 

number. The rest of the parameters were measured the same way than during the 

tillering stage.  

7.2.5.2 At harvest 

Harvesting occurred on 22 October 2018 and 12 November 2018 at Langgewens and 

Roodebloem, respectively. A small plot harvester was used during the harvesting of 

the trials at Roodebloem and Langgewens. The yield of each plot (replicate) was 

collected separately. The seeds of each replicate were cleaned by using a seed 

cleaning machine. Yield mass was determined by weighing each replicate individually 

where after yield in tons per hectare was calculated. Quality components were 

measured as follows:   

• Thousand Kernel Mass (TKM) - The TKM was determined for each sample by 

counting 500 kernels with a Numigral seed counter, weighing it and multiplying 

the mass by two. 

• Hectolitre Mass - Hectolitre mass was determined according to the AACC 

Method 55-10 (American Association of Cereal Chemists 2000).  

• Protein content - Grain protein content was determined using the Near-Infrared 

Reflectance method for protein in wheat flour using the AACC Method 39-11 

(AACC 2000a) at Welgevallen Experimental Farm of the University of 

Stellenbosch, Stellenbosch, South Africa. 

7.2.6 Data analysis 

All data was analysed by making use of Statistica 13 (TIBCO 2019) and Microsoft 

Excel. All data was initially recorded in Excel. Various one-way ANOVA tests were 

used to determine if there were any significant differences between different 
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treatments. All the parameters with p-values smaller than 0.05 were considered to 

differ significantly between different treatments. Where p-values were smaller than 

0.05, differences between treatments were investigated by means of Fisher’s LSD 

post hoc test. 

7.3 Results and Discussion  

7.3.1 Field emergence and tillering stage 

Table 7.2 shows the average number of emerged seedlings m-1 and plant density m-2 

for all 8 accessions with different seed Zn concentrations and ages when planted at 

two different localities. The number of emerged seedlings varied at both localities with 

variation in seed Zn concentration and age. The impact of seed vigour on seedlings is 

evident under different seedbed environment as we observed significant differences 

in number of seedlings m-1 at both localities, with 1-year old accessions showing much 

better establishment in comparison to 2-year-old accessions, despite differences in 

seed Zn concentrations. Although the effect of Zn biofortified seeds was discussed, 

Finch-Savage and Bassel (2006) reported that the initial uptake of water can cause 

imbibitional damage, resulting in loss of membrane integrity (Powell 1985). 

Subsequently, there are several factors that can affect the extent of damage to such 

low vigour seeds due to ageing.  

Therefore, it is not surprising to observe the lowest establishment from 2-year-old 

accessions. For instance, L2H only had an average of 4 and 9 seedlings m-1 that 

managed to emerge at Roodebloem and Langgewens, respectively. It is well known 

that seed deterioration results in reduced germination rate (Soltani et al. 2008). 

Clearly, age has a negative effect on seed germination, but also Finch-Savage and 

Bassel (2006) claimed that in the seedbed, temperature influences timing, but water 

stress and mechanical impedance have been identified as the two stress factors most 

likely to limit germination and emergence, respectively. In addition, L2L and R2L had 

poor plant density (<65 m-2) at both localities which is assumed due to poor 

germination and emergence due to the age factor. Furthermore, in Chapters 3 and 4, 

we did observe poor germination results by 2-year-old accessions under controlled 

environments (Standard germination and accelerated ageing tests).  
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High seed Zn concentrations in old seeds did not promote germination and field 

emergence. This could indicate that seed establishment respond to storage periods 

(conditions) rather than seed Zn. Such poor emergence and plant density might be a 

consequence of seed ageing. Soltani et al. (2008) suspected changes in the type of 

response function or a change in the parameters that govern a function. For instance, 

several biochemical and physiological changes have been observed in seeds during 

ageing, resulting in decline in vigour and ultimately loss of viability. It has been 

suggested that membranes of aged seeds were less capable of regaining their 

functional purposes after imbibition, subsequently leading to leaky cells which are 

associated with deterioration and low vigour (Simon 1984). Moreover, Zn is an 

essential micronutrient that play a significant role in maintaining biological membrane 

integrity (Nawaz et al. 2015). As we anticipated, at the same time, 1-year old 

accessions did well in terms of establishment at both localities. Interestingly, both R1L 

and R1H were sourced from Roodebloem with obvious differences in seed Zn 

concentrations and both had the highest stand establishment at both localities. It 

seems like differences in environments which seedlings are growing under have a 

considerable influence on seed performance. Finch-Savage (2006) reported that 

germination time is determined by both genetics and environment.  

Biofortification of Zn has been reported to increase Zn concentrations and enhance 

Zn bioavailability (Rehman et al. 2018). Also, Haslett et al. (2001) reported that high 

Zn concentrations in wheat seeds can be associated with an increase in seedling 

vigour. Table 7.1 displays all accessions varying in age, origin, and Zn concentrations 

(high/low) and R1H had the highest seed Zn concentration, from 1-year-old 

accessions which resulted in significantly better early establishment (Table 7.2) at both 

localities. Interestingly, there were no significant differences between R1H and R1L in 

terms of average number of seedlings m-1. Nonetheless, Genc et al. (2000) claimed 

that the benefits of early planting of early high vigour seeds with high Zn content is 

beneficial but planting of high Zn seeds alone cannot overcome acute Zn deficiencies.  
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Table 7.2: Field emergence of eight wheat accessions with different seed Zn concentrations 
and age expressed in average number of plants emerged per row meter and plant density in 
both localities  

Mean number of plants m-1   Plant density m-2 
Accessions Roodebloem Langgewens Roodebloem Langgewens 

L1L 32abc 48b 106.66abc 160b 

L2L 19bc 10d 63.33bc 33.3d 

R2L 18bc 18cd 60bc 60cd 

R1L 52a 83a 173.3a 276.66a 

L1H 28abc 38bc 93.33abc 126.66bc 

R1H 52a 87a 173.3a 290a 

L2H 4c 9d 13.3c 50d 

R2H 34ab 30bc 113.3ab 100bc 

Values with different letters in a column differ from each other at p = 0.05% 

 
 

Similarly, Zn-biofortified seeds showed better germination and seedling 

development, both under low soil Zn supply and drought stress conditions (Rashid et 

al. 2019). Accessions, R1L and R1H are both from Roodebloem and this could explain 

some of the similarities in crop performance during early growth that was observed 

from both localities. Since these accessions have contradicting Zn concentrations, it 

is not clear to what extent does Zn have an influence. However, adequate Zn can 

accelerate wheat growth (Arif et al. 2017).  

The effects of seed Zn seem to be affected by the accession origin because L1H 

had three times more seed Zn than L1L, but that was not transpired in seedling 

emergence or plant density. All accessions had different seed mass with L1H having 

the biggest seed size (Table 7.1). Chima et al. (2017) reported that seed size is an 

important physical indicator of seed quality which affects vegetative growth, and this 

could be the case in the current study because L1H outperformed most accessions in 

vegetative parameters investigated. It has been reported that Zn concentration in 

wheat grains is different among wheat cultivars and subjected to the regulation of the 

environment and cultivation measure (Arif et al. 2017). It is also important to note that 

seed Zn efficiency is mostly influenced by Zn content. Depending on the seed Zn 

content, the relative efficiency of genotypes may change (Genc et at 2000). They 

further explained this through some unpublished work where it was reported that seed 

Zn content efficiency was positively correlated in one of their experiments (r=0.65). 
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The results also suggested that efficiency differs considerably with seed Zn content 

and the level of Zn-deficiency stress. 

It is clear now that younger accessions are more vigorous, due to better germination 

and field emergence observed. One of the reasons for the poor performance by Two-

year-old accession is explained by Bingham et al. (1994) who concluded that all 

ageing treatments reduced the extension rate of coleoptiles and radicles, but only the 

longer treatments affected germination significantly. Vigour can be described as an 

ability of a seedling to successfully grow in the field or under any stressful condition 

(Okoye et al. 2018). Therefore, both R1L and R1H are more vigorous than any 

accession in this study. Best field emergence was obtained from accessions with both 

low and high Zn concentrations. This observation could be influenced by Zn efficiency 

of the accessions (Genc et at 2000).  

Table 7. 3: Plant height (cm) and tiller number per plant of eight wheat accessions 
with different seed Zn concentrations and age at both localities  

Plant height (cm)   Tiller number  
Accessions Roodebloem Langgewens Roodebloem Langgewens 

L1L 39a 38.5ab 7a 6ef 

L2L 32ab 32de 7a 13a 

R2L 34ab 33d 7a 11bc 

R1L 35ab 36.5bc 6a 5f 

L1H 37ab 39.5a 7a 8de 

R1H 34ab 34cd 6a 5f 

L2H 30b 30e 7a 12ab 

R2H 35ab 34cd 6a 9cd 

Values with different letters in a column differ from each other at p = 0.05% 

 

 

According to Finch-Savage (1986), characteristics such as seedling length, 

variation in seedling length, their subsequent seedling emergence, and seedling mass 

can also be correlated with percentage germination and speed of germination. Table 

7.2 shows significant variation in plant height for all accessions varying in seed Zn 

concentrations. At Roodebloem, less variation in plant height was observed between 

all accessions with L2H having significantly shorter seedlings (30 cm) at both localities. 

The rest of the accessions had no significant variation with plant heights ranging from 
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32-37cm except for L1L. Significant taller seedlings were observed from L1L which 

had the lowest seed Zn concentration. Even though L1L did not germinate very well 

as was previously reported in Chapter 4 with (G%<75%) under optimal lab conditions. 

However, when planted in the field, early emergence was not too bad, therefore better 

seedling height could have been favoured by age and seed mass of the accession as 

was earlier discussed in Chapter 3. However, Arif et al. (2017) claimed that an increase 

in plant height might be due to the involvement of Zn in different physiological process 

like enzymatic activation, stomatal regulation, and chlorophyll formation, all of which 

ultimately increase the plant height.  

In addition, all accession that were one year old had better seedling height ranging 

from 34-39 cm. In general, Zn biofortification has been found to be useful in improving 

an overall field emergence of wheat plants. Also, Khan et al (2008) claimed that Zn 

application had a positive effect on plant growth leading to increased leaf area index, 

plant height and number of fertile tillers m-2. However, it was observed that similar 

plant height between accessions with different seed Zn and age; for instance, R1L and 

R2H both had seedling heights of 35 cm. There was no significant variation in tiller 

number, number of leaves, leaf area and dry matter for all accessions at Roodebloem. 

Variation was more visible at Langgewens (Table 7.2) which was assumed to lead to 

more variation in the rest of the investigated parameters. The picture below was taken 

at Langgewens during early vegetative growth stages (Figure 7.1). 

 

Figure 7. 1: A picture showing early field emergence at Langgewens (taken in 2019-06-27).  
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The plant height varied between 30-39.5 cm across all accessions. Plant height is 

one of the main vegetative growth parameters of the wheat plant which represents the 

genetic variation and fertilizer effect (Arif et al. 2017). The shortest seedlings were 

observed from a 2-year-old accession (L2H), but in contrast the tallest seedlings were 

observed from a 1-year-old accession (L1H) (Table 7.2). However, the plant height 

was the same for some accessions at both localities; for instance, L2L, R1H and L2H 

had seedling heights of 32, 34 and 30 cm, respectively.  

Nonetheless, R2L had the same number of seedlings (18 m-1) at both localities 

which logically resulted in the same plant densities (60 m-2) (Table 7.2). The best 

stand establishment from R1L and R1H was observed at both localities. Interestingly, 

the tiller numbers were also similar for both accessions. There was no significant 

variation in tiller number at Roodebloem, both accessions had six tillers m-2. At 

Langgewens however, both accessions had significantly lower tiller numbers (5 m-2). 

There was no correlation between tiller numbers regarding number and variation in 

seed Zn concentrations.  

In general, unexpectedly, 2-year-old accessions had more tillers in comparison to 

1-year old accessions. Low early stand establishment indicates that there was poor 

germination which means more resources available to those seedlings that managed 

to germinate successfully. Poor stand establishments seem to be compensated by 

the development of more tillers (Arif et al. 2017). Subsequently, this result in a greater 

number of leaves (Figure 7.2), leaf area index and obviously dry matter (Table 7.3).  

On the other hand, 1-year old accessions had better germination, and this 

translated into better plant density. Therefore, we can assume that the 2-year-old 

accessions lost vigour due to the ageing, which subsequently lead to poor stand 

establishment. Later in the season, this was later compensated for by vegetative 

growth such as an increase in tiller number. This might have been attributed to the 

availability of more resources to the growing seedlings. This is not strange 

considering that tillering is an important developmental stage that allows the plants 

to compensate under low plant populations or taking advantage of good growing 

conditions (Arif et al. 2017) similar to this study. 
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Figure 7.2: Number of leaves for eight different wheat accessions with varying Zn 

concentrations and age planted at Langgewens. Values that differ at p=0.05 are indicated with 

different letters. Vertical bars indicate the 95% confidence intervals. 

 

Table 7.4: Leaf area index and dry matter of eight wheat accessions with different seed Zn 
concentrations and age planted at Langgewens  

 
Accessions Origin Age Zn 

concentrations  
Leaf Area 

Index  
Dry matter 

L1L Langgewens 1 14.3 218ab 1.45ab 

L2L Langgewens 2 32.5 260a 1.65ab 

R2L Roodebloem 2 32.7 245a 1.6ab 

R1L Roodebloem 1 34.3 190b 1.0c 

L1H Langgewens 1 43.5 255a 1.8a 

R1H Roodebloem 1 51.3 191b 1.02c 

L2H Langgewens 2 70.8 225a 1.45b 

R2H Roodebloem 2 72.7 245a 1.65ab 

Values with different letters in a column differ from each other at p = 0.05% 
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Regardless of low or high levels of Zn concentrations, 1-year old accessions had 

better early stand establishment and plant height. Therefore, we can conclude that 

1-year old accessions were more vigorous, but we did not see that being translated 

in tiller number, leaf area index or (LAI), dry matter (DM). Adequate Zn can accelerate 

wheat growth and extrusion of tillers (Arif et al. 2017). The trend observed here for all 

accessions by number of leaves is also the same for LAI and DM. For instance, R1L 

and R1H had a similar significantly low number of leaves, which resulted in poor LAI 

and DM. However, it was also observed that old accessions had little to no significant 

variation in terms of number of leaves, LAI and DM production. 

Table 7.5: An overview of an overall comparison of results from two localities during early 

vegetative growth stages (summary of tables above). 

 Means of all accessions combined 

(per locality). 

Roodebloem Langgewens Differences 

Plants m-1 29.8 40 -10.2 

Plant density (m-2) 99.6 137.1 -37.5 

Tiller number per plant 6.6 8.6 -2 

Plant height (cm) 34.5 34.7 -0.2 

 

Table 7.5 gives an overview of how accessions performed based on locality (all 

combined). Clearly better early stand establishment was attained at Langgewens and 

we can see that being beneficial to greater plant density, which limits the chances of 

weed invasion. However, the influence of locality in the study seemed to be profound. 

The appearance of tillers was shown to be closely coordinated with leaves on the 

main stem, while the number of tillers formed depends on the variety and growing 

conditions (Arif et al. 2017). The effect of seed Zn on plant height did not stand out 

during early field emergence. At both localities, the average heights for all accessions 

were almost identical (~35 cm) yet all other investigated parameters had a distinct 

difference in performance regarding locality as shown in Table 7.4. 

7.3.2 Anthesis stage 

Unfortunately, at Roodebloem we could not collect data during anthesis due to a 

heavy weed infestation which affected the crop growth badly. Accessions that had 
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poor stand establishment suffered from the severe weed invasion. Gupta (2004) 

claimed that weeds usually compete with the main crop, for light, nutrients, space, and 

water, which results in total crop failure in some instances. Most likely weeds 

dominated due to poor crop establishment. Moreover, L2H had poor plant density (13 

m-2) during early growth stages as discussed above. Figure 7.3 shows a picture of the 

L2H plot at Roodebloem, showing the low wheat stands at harvest. Inside the red 

square, we could see a few tillers, not surprising, because only an average of 4 

seedlings managed to grow and develop during field emergence. This accession had 

extremely poor germination results when exposed to the AA test discussed in Chapter 

4. 

 

 

Figure 7. 3 A picture showing heavy weed infestation in one of the plots where L2H had initially 
had an average of 4 seedlings (m-1) before harvest (taken in 2019-11-07). 

 

In general, the 2-year accessions were subjected to the most severe weed 

infestation, for instance, L2H had a heavy weed stand. Most blocks seemed to be 

dominated by Plantago species. Marwat et al. (2013) described weeds as unwanted 

plant species that grow in the same place as the domesticated crops., In, some cases 

weeds serve as alternative hosts to insects and pathogens (Siddique et al. 2010). 

Weeds arise mostly from dormant seed banks where they are stored and wait for 

favourable conditions to germinate (Sheaffer and Moncada 2012). In addition to 
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resource depletion, weeds can interfere with the wheat growth through allelopathic 

interactions (Jabran et al. 2013; Ali et al. 2014; Fahad et. 2015). 

Evidently, storage period had a negative effect on wheat seed germination and field 

emergence, which made seedlings more susceptible to weed interference. Jabran et 

al. (2017) reported that certain features make wheat cultivars more competitive such 

as quick germination, more leaf elongation, rapid leaf expansion, extended canopy 

cover and greater plant height. However, the magnitude of weed-related losses 

depends on the type and density of a particular weed species, its time of emergence, 

and duration of interference (Fahad et al. 2015). 

 

Figure 7.4: Pictures of one-year old accessions, on the left; aerial view of R1H plot with little 
to no weeds; on the right; R1L After harvest with medium weed cover. (taken in 2019-11-07). 

Significant variation in early field emergence, illustrated in Table 7.1 led to different 

weed stands during anthesis and harvest. Strikingly, 2-year-old accession had poor 

early field emergence, that subsequently led to heavy weed infestation as shown in 

Figure 7.3. Above all, a big variation in weed stand was observed between 2- and 1-

year old accessions due to significant variation in early field emergency as discussed 

above. Figure 7.4 shows the different wheat resistance to weeds between two one 

year old accessions from Roodebloem. The picture on the left (Figure 7.4) shows the 

best wheat stand (R1H), which resulted from good early stand establishment, during 
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early vegetative growth stages. Furthermore, this accession had the best plant density 

at both localities (Table 7.1) which seemed to benefit wheat plants against weed 

interference in this case. On the right, weed stand (medium), R1L had low seed Zn in 

contrast to R1H. However, similarities in plant densities observed seemed to be 

influenced more by accession origin than seed Zn. The use of Zn-biofortified seeds 

seems to be significant since Zn has been reported to improve seed vigour, leading to 

improved germination thus resulting in the main crop outcompeting weeds. The most 

consistent conclusion among many studies has been that vigorous growth 

characteristics enhance crop competitiveness over weeds (Buhler 2003; Bajwa et al. 

2017). Singh et al. (2015) suggest that improved germination and emergence will: 

“increase competitiveness against weeds, tolerance to drought periods, yield and will 

avoid the time-consuming need for re-planting that is costly too” (Singh et al. 2015) 

Therefore, it can be concluded that early good stand establishment that was 

observed from one year old accessions proved that vigorous seeds have the potential 

to reduce weed problems. Based on these results it seems that enhancing Zn 

concentration in seeds can reduce the seeding rates (Ryan et al. 2013), because of 

improved germination capability. The improvement of these characteristics 

(germination and early field emergence) will favour the main crop over weeds since it 

will grow faster and shade over the weeds, thus slowing down the weed’s 

development. This could have been the case for R1H and R1L because they had 

similar plant densities (173 m-2). R1H had the highest seed Zn from one year old 

accessions.  

However, a strong relation still exists between the duration of competition and the 

competition pressure exerted on the crop, which reduces yield (Fahad et al. 2015). 

The use of Zn-biofortified seeds seem to reduce establishment rate of weeds due to 

good early stand establishment. According to Ozturk et al. (2006), seeds that was 

treated with Zn also had protection from developing seed infection by soil-borne 

pathogens. 

Under dry conditions, weeds can be more competitive than wheat plants. According 

to Jabran et al. (2017) weed infestation can increase the weed-wheat competition for 

moisture leading to poor water use efficiency of wheat. Ryan et al. (2013) conducted 
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a study in Pakistan where they claimed that high Zn-wheat seeds planted in Zn 

deficient soils resulted in early and higher seedling emergence, more seedling growth 

and better crop stand, leading to an increase of yield when compared to low Zn wheat 

seeds during the 2011-2012 crop season. These experiments are evident that Zn has 

a positive influence on the vigour of wheat. Alternatively, competition usually favours 

weeds because they have rapid seedling growth, well-developed root systems and 

rapid growth (Zimdahl 2007).  

Interestingly during anthesis stage, there was no significant variation (p>0.05) in 

plant height (Data not shown). Overall, 2-year-old accessions had taller plants, for 

instance L2L and L2H had plant heights of 85 and 83 cm. The non-significant 

distinction of plant height ranged from 80-85 cm with L1L and L1H both having the 

same plant height of 81 cm, yet L1H had higher seed Zn content. Even though at 

anthesis, we did observe some form of uniformity across all accessions. Table 7.4 

shows significant variation in tiller number across all accessions. 

Again, 2-year-old accessions had greater tiller numbers overall. Accession L2L and 

L2H had significantly (p<0.05) more tillers than all other accessions. R1L was not 

significantly different to R1H, and both had the lowest number of tillers as shown in 

Table 7.4. Also, the number of productive tillers was expressed in spike number.  

The spike number is determined by fertile tiller initiation in wheat and only half of 

the total tillers produce productive tillers that eventually form spikes (Chen et al. 2019). 

Not all tillers produced spikes or heads, for instance L2L and L2H had significantly 

greater tillers (average of 12 tillers per plant) but both had a significantly greater 

average of 9 spikes. It seemed that all the one-year-old accessions had a 

corresponding tiller number to number of spikes formed. For instance, R1H (high seed 

Zn) had the lowest tiller number, but all the tillers managed to produce spikes, unlike 

2-year-old accessions.  
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Table 7. 6: Number of tillers, spikes, leaves and leaf area index per plant of eight wheat 
accessions with different seed Zn concentrations and age at Langgewens.  

 

The non-fertile tillers that develop may compete for water or nutrients with 

productive tillers. Furthermore, high tiller mortality caused by non-fertile tillers usually 

contributes to low yield in wheat (Chen et al. 2019). An interesting trend occurred when 

observing which accessions managed to convert all the tillers into spikes. Accessions 

with diverse levels of Zn such as (R1H, R1L L1H, L1L and R2H), managed to produce 

productive tillers which formed spikes irrespective of having high or low seed Zn 

content.  

Therefore, the use of Zn-Biofortified wheat seeds did improve quality of tillers 

formed during early vegetative growth stages. Zinc is an enzymatic activator 

responsible for growth of plant species and by maturation of their fruits (Ruffino et al. 

2013). There are more than 300 enzymes that require Zn for structural integrity and 

biological function (Ozturk et al.2006). The greater the number of tillers, the greater 

number of leaves which consequently results in greater leaf area and dry matter. Table 

7.7 shows significant (p<0.05) variations in dry matter across all accessions.  

 

 

 

Accessions Number of tillers  Spike number 

 

Number of 

leaves 

Leaf Area Index  

L1L 6.4c 6.1bc 20c 246.209cd 

L2L 11.54a 9.2a 45a 753.37a 

R2L 9.1b 8.3ab 32b 483.33cd 

R1L 4.3cd 4.2cd 13cd 183.48cd 

L1H 6.6c 6.3bc 18cd 250.038cd 

R1H 3.5d 3.5d 10d 116.975d 

L2H 12.7a 9.85a 45a 754.72a 

R2H 6.7bc 6.4bc 20c 290.87c 

Values with different letters in a column differ from each other at p = 0.05% 
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Table 7. 7: Total dry matter and head dry matter of eight wheat accessions with different seed 

Zn concentrations and age at Langgewens.  

 

Total DM of productive tillers (with spike number) is shown in Table 7.5. Due to 

greater vegetative growth from 2-year-old accession, L2L and L2H had significantly 

greater dry mass and was due to possibly greater tillers as shown in Table 7.4. 

Photosynthesis is the ultimate source of biomass in plants and previously Chen et al. 

(2019) claimed that biomass of crops is also associated with the leaf area index (LAI) 

due to its effect on light interception. Not only was there less dry matter across 1-year 

old accessions (<10g), but there was also less variation.  

Significantly lower dry matter was observed from accessions that had less tillers. It 

seemed that 20-45% of total dry mass was contributed by spikes. However, 1-year old 

accessions had medium contribution and surprisingly the highest and lowest dry 

matter was observed across 2-year-old accessions. For instance, R2L and L2H had 

the highest spike dry mass contribution at, 45 and 31% respectively., and L2L had the 

smallest spikes, with only a 23% contribution to total dry matter. In addition, the spike 

dry mass of one-year-old accessions ranged from 24-30%, with R1H contributing 30%. 

This accession had the highest seed Zn content which could have played a significant 

role in tiller development formation.  

 

Accessions Zn concentrations  Dry matter  

(developed heads) 

Total dry matter 

(Tillers and heads) 

L1L 14.3 2.8bc 10cd 

L2L 32.5 5.3a 23a 

R2L 32.7 7.5a 16.5b 

R1L 34.3 1.9a 8cd 

L1H 43.5 3b 11bc 

R1H 51.3 1.5c 5d 

L2H 70.8 7.5a 24a 

R2H 72.7 2.8bc 10.5c 

Values with different letters in a column differ from each other at p = 0.05 
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7.3.3 Yield and quality components 

There were no significant differences in yield harvested at Langgewens (p<0.05) 

(Results not shown). The unfortunate events explained above (heavy weed 

infestation), could have affected the yields significantly (p>0.05) at Roodebloem. 

Figure 7.5 shows significant variation, for instance L2H had significantly lower yield 

than the rest of the accessions. This could be due to poor early establishment, later 

followed by heavy weed infestation, despite having high seed Zn content. 

Significantly better yields were achieved by one year old accessions with low seed 

Zn concentrations of, R1L and L1L, respectively. The protein content for all 

accessions at Roodebloem ranged from 12,7-13.5. At Langgewens, L2L had the 

lowest protein content of 13.3 while the highest was 13.7 that was produced, by R2H 

(data not shown). However, there was no significant difference in protein content and 

TKW (p<0.05) at both localities.  
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Figure 7.5: Yield for eight different wheat accessions with varying Zn concentrations and age 
harvested from Roodebloem in 2019. Values that differ at p=0.05 are indicated with different 
letters. Vertical bars indicate the 95% confidence intervals. 
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Accession L2H had significantly lower yield (p > 0.05) (Figure 7.5) and meant that 

an inadequate amount of seeds was available after harvest which prevented collection 

of hectoliter mass (HLM). According to Figure 7.6 only three accessions had 

significantly (p > 0.05) greater HLM (>300g) at Roodebloem. It was surprising to 

observe the low Zn content from the one year old accessions, L1L and R1L, 

respectively. This indicate that seeds harvested had a higher bulking density than the 

rest of the accessions (Nel et al. 1998). Also, in contrast, R2H had a high Zn content, 

and it is the only accession that managed to perform significantly better from the 2-

year-old accessions. Generally, severe environmental conditions such as elevated 

temperatures, drought, or excessive rainfall during grain filling decrease HLM of grains 

(Shi et al, 1994). 
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Figure 7.6: Hectolitre mass of eight different wheat accessions with varying Zn concentrations 
and age harvested from Roodebloem in 2019. Values that differ at p=0.05 are indicated with 
different letters. Vertical bars indicate the 95% confidence intervals. 
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7.4 Conclusion 

Seed Zn content was adequate to guarantee germination. Satisfactory field 

emergence was observed from accessions with both low and high seed Zn 

concentrations. Increased zinc content in wheat grains through biofortification, did 

not have any significant influence on seed quality, germination Some accessions 

from the same origin performed similarly regardless of differences in their seed Zn 

content. However, age had a significant effect on seed performance and quality. The 

two year old accessions showed outstanding poor establishments which was evident 

in plant densities. Poor stand establishment led to aggressive weed invasion of wheat 

stands during the cropping season which significantly reduced yields. Better early 

field establishment from one year old accessions resulted in better weed suppression 

which can reduced the reliance on herbicides in some instances. 

With regards to after harvest yield components, one year old accessions with low 

Zn content managed to attain significantly greater HLM than the rest of the accessions. 

Vigour is a complex trait therefore we recommend that more Zn concentrations be 

investigated under different environments to further investigate the effect of different 

Zn levels on biofortified seeds. 
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Chapter 8 

8.1 Conclusion  

Seed vigour is a complex trait and according to the International Seed Testing 

Association (ISTA) the definition of seed vigour is ‘the sum of properties that determine 

the activity and performance of a seedlot of acceptable germination in a wide range of 

environments’ (ISTA 2015). Clearly, vigour is not a single measurable component 

because this concept is closely associated with seed performance; including rate and 

uniformity of seed germination and seedling growth, emergence ability of seeds under 

unfavorable environmental conditions; and performance after storage, particularly the 

retention of the ability to germinate (Finch-Savage and Bassel 2006). In this study, 

seed quality and vigour of Zn-biofortified seeds which were one year apart in age was 

investigated. Biofortification has been used to improve mineral content in grains but 

less has been done to evaluate agronomic traits. 

Therefore, seed vigour, performance of accessions with different seed quality 

attributes, including different levels of zinc concentration, seed mass, source of origin 

and age was investigated. Literature has indicated that Zn plays an important role 

during germination processes and therefore vigour and growth of wheat and other plant 

species (Cakmak 2009). We hypothesized that high level of seed zinc concentration 

will improve vigour, vegetative growth and subsequently yield of wheat. 

Throughout all experiments, seed Zn did not have the effect that we have 

anticipated. Instead, it was observed that age and locality had a greater influence on 

seed vigour. This was mostly evident during the artificial ageing test where a 

significantly low germination percentage (<40%) from 2-year-old accessions 

regardless of differences in seed quality attributes such as levels of Zn and seed mass 

was observed. Germination of more than 80% after the AA test was only obtained by 

one year old accessions with low levels of Zn. The standard germination test was also 

done before the AA test. This accession had the highest germination also before the 

AA test and was not significantly different to accessions with high levels of seed Zn. 

Clearly, source of origin had a bigger effect on seed performance since it was 

observed that two accessions with contradicting levels of seed zinc performed similarly 
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under controlled environments. Similar conclusions were made by Rajjou et al. (2006) 

regarding the lifespan of a seed which is determined by genetic and physiological 

storage potential and by any deteriorating events that occur prior to or during storage, 

as well-as by interaction with environmental factors. The environment which the seeds 

are sourced from and where they are sowed have a significant effect on seed 

performance.  

The Electrical Conductivity test (EC) provided the best estimate of seed vigour 

(Lazar et al. 2014). Current EC results supports the notion of Zn playing a significant 

role in maintaining cell membrane integrity. However, this was only obvious in one 

year old accessions where a marginal decrease in EC readings with an increase in 

seed Zn levels was observed. According to EC results in this study, the 2-year-old 

accessions were less vigorous. 

Zn biofortified seeds did promote early vegetative growth parameters such as 

germination and field emergence. However, no significant results were observed even 

during anthesis. An interesting observation in this study was the heavy weed 

infestation experienced at Roodebloem which clearly proved that one year old 

accessions were more vigorous as was also indicated by the EC results. However, 

yield was significantly affected by weed infestations with a drastic yield loss observed 

from 2-year-old accessions. Clearly, prolonged seed storage is detrimental to seed 

viability, which consequently reduce seed germination and result in poor field 

establishment which can result to weed infestations thus causing competition for 

resources. Seed performance is more sensitive to age than mineral content. Zinc 

biofortification has a potential to improve vigour but environmental conditions and soil 

properties need to be considered as suggested in this study. 

 The environment in which a seed develop impacts its behavior in subsequent 

generations (Finch-Savage and Bassel 2006). Less variation and more uniformity 

were observed in terms of field emergence and plant heights at Roodebloem than at 

Langgewens. Vigour remains a complex trait which cannot be evaluated by a single 

component (Finch-Savage and Bassel 2006). The literature has reported the 

importance of seed Zn efficiency. Seed Zn efficiency decreases with increasing seed 

Zn content of wheat seeds (Genc et al. 2000). Perhaps that is why both low and high 
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Zn levels accessions in this study performed similarly as was also described in terms 

of field emergence and plant height. The uniformity at Roodebloem resulted in non-

significant effects of Zn levels throughout the vegetative growth stages up to harvest 

and evident in yield components. 

One big drawback of this study was that results of soil samples that were taken 

before the field trials were established, and were analyzed in Turkey, could not be 

obtained from the Turkish institution. Knowledge about the soil Zn content in the field 

trials might have shed light on some of the hard-to-explain trends. 

8.2 Recommendations 

Further investigation is still required to better understand vigour of biofortified seeds. 

According to literature Zinc biofortification has a potential to improve vigor but 

environmental conditions and soil properties need to be considered as well as the 

environmental conditions and parental history and origin of the investigated seedlots. 

Sowing depth tests should be carried out for longer days to achieve sufficient results 

of emergence. More zinc concentration to be investigated, including moderate levels. 
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